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West Virginia University (WVU) has created the Small Microgravity 
Research Facility (SMiRF) drop tower through a WVU Research 
Corporation Program to Stimulate Competitive Research (PSCoR) grant 
on its campus to increase direct access to inexpensive and repeatable 
reduced gravity research.  In short, a drop tower is a tall structure from 
which experimental payloads are dropped, in a controlled environment, 
and experience reduced gravity or microgravity (i.e. “weightlessness”) 
during free fall.  Currently, there are several methods for conducting 
scientific research in microgravity including drop towers, parabolic flights, 
sounding rockets, suborbital flights, NanoSats, CubeSats, full-sized 
satellites, manned orbital flight, and the International Space Station (ISS).  
However, none of the aforementioned techniques is more inexpensive or 
has the capability of frequent experimentation repeatability as drop tower 
research.  These advantages are conducive to a wide variety of 
experiments that can be inexpensively validated, and potentially 
accredited, through repeated, reliable research that permits frequent 
experiment modification and re-testing. 
 
Development of the WVU SMiRF, or any drop tower, must take a systems 
engineering approach that may include the detailed design of several main 
components, namely: the payload release system, the payload 
deceleration system, the payload lifting and transfer system, the drop 
tower structure, and the instrumentation and controls system, as well as a 
standardized drop tower payload frame for use by those researchers who 
cannot afford to spend money on a data acquisition system or frame.  In 
addition to detailed technical development, a budgetary model by which 
development took place is also presented throughout, summarized, and 
detailed in an appendix.  After design and construction of the WVU SMiRF 
was complete, initial calibration provided performance characteristics at 
various payload weights, and full-scale checkout via experimentation 
provided repeatability characteristics of the facility.  Based on checkout 
 




instrumentation, Initial repeatability results indicated a drop time of 1.26 
seconds at an average of 0.06g, with a standard deviation of 0.085g over 
the period of the drop, and a peak impact load of 28.72g, with a standard 
deviation of 10.73g, for a payload weight of 113.8 lbs. 
 
In order to thoroughly check out the facility, a full-scale, fully operational 
experiment was developed to create an experience that provides a 
comprehensive perspective of the end-user experience to the developer, 
so as to incorporate the details that may have been overlooked to the 
designer and/or developer, in this case, Kyle Phillips.  The experiment that 
was chosen was to determine the effects of die swell, or extrudate swell, 
in reduced gravity.  Die swell is a viscoelastic phenomenon that occurs 
when a dilatant, or shear-thickening substance is forced through a 
sufficient constriction, or “die,” such that the substance expands, or 
“swells,” downstream of the constriction, even while forming and 
maintaining a free jet at ambient sea level conditions.  A wide range of 
dilatants exhibit die swell when subjected to the correct conditions, 
ranging from simple substances such as ketchup, oobleck, and shampoo 
to complex specially-formulated substances to be used for next generation 
body armor and high performance braking systems.  To date, very few, if 
any, have researched the stabilizing effect that gravity may have on the 
phenomenon of die swell.  By studying a fluid phenomenon in a reduced 
gravity environment, both the effect of gravity can be studied and the 
predominant forces acting on the fluid can be concluded.  Furthermore, a 
hypothesis describing the behavior of a viscoelastic fluid particle 
employing the viscous Navier-Stokes Equations was derived to attempt to 
push the fluid mechanics community toward further integrating more fluid 
behavior into a unified mathematical model of fluid mechanics.  While 
inconclusive in this experiment, several suggestions for future research 
were made in order to further the science behind die swell, and a 
comprehensive checkout of the facility and its operations were 
characterized.  As a result of this checkout experience, several details 
were modified or added to the facility in order for the drop tower to be 
properly operated and provide the optimal user experience, such that 
open operation of the WVU SMiRF may begin in the Fall of 2014. 
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3.0 Compendium of Symbols 
English 
Symbol Description 
𝐴𝑟𝑒𝑓 Aerodynamic frontal area of the payload 
𝑎𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 Deceleration of the payload 
𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦 Acceleration due to gravity 
𝑎𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Acceleration of the payload 
B Maximum swell 
B2 Creep recovery function 
B1 Diameter swell 
B2 Thickness swell 
𝐶𝐷 Coefficient of drag 
De Extrudate diameter 
𝐷𝑝𝑎𝑑 Diameter of a cylindrical deceleration pad 
Do Orifice diameter 
𝐹𝑖𝑚𝑝𝑎𝑐𝑡 Force due to impact with deceleration system 
𝐻𝑏𝑎𝑔 Height of the pneumatic deceleration bag 
𝐻𝑝𝑎𝑑 Height of the deceleration pad 
𝐻𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Height of the payload 
Js Steady shear compliance 
𝐿𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Length of the payload 
𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Mass of the payload 
SR Elastic strain recovery 
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𝑡𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 Time elapsed during deceleration 
𝑡𝑛 Time at present 
𝑡𝑛−1 Time at one time-step previous 
𝑉𝑐𝑢𝑏𝑒 Volume of a cubic deceleration pad 
𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 Volume of a cylindrical deceleration pad 
𝑣𝑑𝑟𝑎𝑔 Velocity taking drag into account 
𝑣𝑘 Velocity due solely to kinematics 
𝑣𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 Velocity at terminal speed 
𝑊𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Width of the payload 
𝑤𝑝𝑎𝑦𝑙𝑜𝑎𝑑 Weight of the payload 
𝑧𝑑𝑟𝑎𝑔 Z-location taking drag into account 
𝑧𝑘 






η0 Zero shear viscosity 
?̇? Shear rate 
γR Recoverable shear strain at the die wall 
𝜌𝑎𝑖𝑟 Density of air 
τ11 Fluid particle normal stress 
τ12 Fluid particle shear stress 






Development of the West Virginia University 
Small Microgravity Research Facility (WVU SMiRF) 
Copyright© 2014 
Kyle G. Phillips 
 
 
4.0 Compendium of Abbreviations 
 
Abbreviation Description 
CAD Computer-Aided Design 
CEMR WVU’s Benjamin M. Statler College of Engineering and Mineral Resources 
CHJ Circular Hydraulic Jump 
EMI Electromagnetic Interference 
FEA Finite Element Analysis 
FoS Factor of Safety 
FPGA Field-Programmable Array 
GRC Glenn Research Center 
ISS International Space Station 
JSC Johnson Space Center 
MAE WVU CEMR Mechanical And Aerospace Engineering Department 
MRT Microgravity Research Team 
MS Microsoft 
NASA National Aeronautics and Space Administration 
NI National Instruments 
OSHA Occupational Safety and Health Administration 
PPE Personal Protective Equipment 
PSCoR Program to Stimulate Competitive Research 
TTPS Temporary Tower Preparation Surface 
SMiRF Small Microgravity Research Facility 
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5.0 Project Identification 
Most people do not often consider that gravity plays a large role in all 
aspects of life.  It has a significant role in everything from bone structure 
and bone growth to how flames and fluids behave.  Due to its overarching 
influence, gravity shapes the majority of the experiences we have, thereby 
influencing our observations and how we interpret the world and the 
universe around us.  Removing gravity from experiments allows 
researchers to mitigate its effects on a wide variety of scientific 
phenomena.  By removing gravity, it is as if one was able to wipe the fog 
off a mirror – you can see your reflection through the mirror, and know it is 
there, but once the fog is removed, you can clearly see details.  
Researchers are able to do the same by removing gravity – they can see 
the fundamental effects that are at the heart of fluid behavior, fundamental 
physics research, etc.  Additionally, by removing gravity, researchers and 
engineers are able to simulate the environment of space more closely, 
enabling research and development of space-ready technologies, 
potentially to study everything from the effects that space may have on the 
human body to fluid mechanics and flame behavior – all without leaving 
the ground. 
 
Platforms for performing reduced gravity research include, but are not 
limited to (in order of increasing complexity):  
• computer simulation 
• drop tower 
• parabolic aircraft flight 
• sub-orbital rocket 
• CubeSat 
• NanoSat 
• full-sized satellite 
• government-funded orbital flight 
• commercially-funded orbital flight 
• the International Space Station 
 
Future additional reduced gravity research platforms may include, but are 
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• high-altitude balloon drop 
• commercial sub-orbital flight 
• commercial orbital flight 
• commercial space station 
• deep-space missions 
 
In 2001, WVU professor Dr. John M. Kuhlman established the WVU 
Microgravity Research Team (MRT) in order to introduce reduced gravity 
research to undergraduate students through opportunities via parabolic 
aircraft flight.  The WVU MRT program has been so successful, in fact, 
that nearly every team since 2001 has flown a reduced gravity experiment 
on a parabolic flight, gaining a host of data of a variety of various fluid 
phenomena.  However, since its inception, many of the WVU MRTs have 
encountered a fundamental problem – even though an experiment 
apparatus may work in the lab, no team can guarantee that it will work as 
intended in microgravity, even if the experiment and its design is based on 
sound scientific and engineering principles.  Reduced gravity can present 
an abundance of practical obstacles that can cause fatal issues to an 
experimental apparatus.  For example, in 2007, as WVU MRT Team Lead, 
the author of this thesis and his team encountered an issue with a water 
pump on a parabolic flight.  The pump lost its prime in microgravity and 
the experiment would not function on the first day of flight.  The 
manufacturer indicated that the pump could be mounted in any direction.  
However, after the first flight a decision was made to remount the pump in 
a different orientation, which eliminated the problem for the second day of 
flight.  This issue did not arise until the experiment was in microgravity.  
The manufacturer may have meant that under normal 1g conditions on 
Earth’s surface that the pump could be mounted in any orientation and still 
function as intended.  In an environment where gravity is nearly non-
existent, things change.  Many components and engineered systems 
intended for 1g use are used in a modified state in reduced gravity.  
However, in order to know which modifications to make, several 
engineered iterations may be required.  Hence, several WVU MRTs have 
had experimental issues during parabolic flight that were unforeseen in lab 
testing.  The WVU MRT program was in need of a better method to 
develop and validate their experiments in order to resolve issues – a 
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Thus, in 2009, a group of former MRT members began to investigate 
better methods to develop MRT experiments for flight, consequently 
discovering the use of drop towers as one such method.  Under the 
guidance of Dr. John Kuhlman, Emily Calandrelli and Jackie Grimes 
sought out funding sources and visited NASA Glenn Research Center 
(GRC) and Purdue University, both sites of drop towers, during the 2009-
2010 academic year.  Concurrently, Dr. Kuhlman was able to solicit and 
obtain $28,000 of funding from West Virginia University’s Research 
Corporation through their Program to Stimulate Competitive Research 
(PSCoR) grant on July 1, 2009 with matching $9,100 funds (i.e. a total of 
$18,200) coming from both the Mechanical & Aerospace Engineering 
(MAE) Department and the Statler College of Engineering and Mineral 
Resources (CEMR).  Later, $10,000 in funding would be provided by the 
Statler CEMR’s Dean’s Office, for the facility structure, to bring the total 
project budget to $56,200.  However, due to graduate education and 
career aspirations at other institutions, Calandrelli and Grimes were 
unable to continue on the project.  Another WVU MRT alumnus, Kyle 
Phillips, the author, (also known henceforth in this thesis as the graduate 
student, designer, developer, researcher, and/or operator) was seeking a 
graduate thesis topic, to which Dr. Kuhlman introduced the possibility of 
creating a drop tower at WVU.  Primarily, identifying the need for MRT 
experiment development, prior to flight, as a necessary resource for the 
MRT, Phillips (team lead), Dr. Kuhlman (team faculty advisor), Calandrelli, 
and Mike Nussbaum (an undergraduate MRT member at the time) all set 
out to brainstorm possibilities, based on available funding levels.  The 
team quickly realized that a drop tower could have a significant impact 
well beyond that of MRT development, and have an impact at the college, 
university, state, and national levels, not to mention on the scientific 
community at large. 
 
After initial discussions between Phillips and Dr. Kuhlman, it was decided 
that in order to comprehensively develop a research facility as 
sophisticated as a drop tower, the scope of work would need to include 
everything from conceptual design through checkouts and validation of the 
facility and its characteristics, including: 
 
• Project management 
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o Sourcing & procurements 
o Scheduling 
o Project requirements development & management 
 
• Concept design 
o Initial aerodynamic calculations 
 Preliminary indications of reduced gravity quality 
o Estimated payload impact loads 
o Facility structural design 
o Research & development involving subsystem concepts 
 
• Final Design 
o Budgeting & sourcing of all major subsystems 
o Ensuring proper interfacing and integration 
o Design documentation 
 
• Facility construction 
 
• Facility verification 
o Independent subsystem checkouts 
o Integrated full system checkout, without drops 
o Pre-operation system checkout – drop of an empty payload 
o System adjustments (as needed) 
 
• Facility validation 
o Calibration – payloads of increasing weight 
o Initial full-scale operations – operation of full-scale 
experiment in facility 
 
• Preparation for open use 
 
Hence, this thesis addresses all aspects in the scope of work for the 
developer to obtain his degree and the detailed effort taken to create the 
West Virginia University Small Microgravity Research Facility (WVU 
SMiRF).  In doing so, Phillips will provide a model by which others may 
follow to create similar facilities, in order to increase affordable, frequent 
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In order to properly develop anything, one must learn from its history.  The 
researcher took the time to comprehensively research past and present 
drop towers, in order to incorporate good aspects and best practices from 
other towers, and to benefit from those lessons that have been learned 
from both success and failure.  Citations and references for this historical 
investigation are provided in Appendix A: A Historical Compilation of the 
Drop Tower. 
 
Towers first began their use as something other than a residential or 
wartime element in 1575 when Girolamo Borro, a philosophy teacher in 
Pisa, Italy dropped wooden and lead balls from the highest window of his 
house.  He would incorrectly conclude that the wooden ball reaches the 
ground faster, because it was thought at the time that air was a "heavy" 
element, and the wood sphere contained more air than the lead sphere.  
Subsequent research would follow in the years to come by Moletti, Stevin, 
Grotius, and Galileo from 1575-1782, in what the researcher here terms 
as the “Initial Scientific Studies Era.”  However, after the initial period of 
using towers for scientific purposes, others began to find manufacturing 
uses in drop towers.  In 1782, William Watts created the first shot tower at 
his residence in Redcliffe, Bristol, UK.  He poured molten lead through a 
screen at the top of the tower, thereby letting the lead cool into spheres 
over the course of the drop (now known to occur because the directional 
effects of gravity momentarily disappear while the lead is coincidentally in 
a reduced gravity whilst cooling).  The invention of a shot tower 
revolutionized ammunition manufacturing.  The “Shot Tower Era” would 
last through 1969.  However, the “Drop Tower Research Facility Era” 
would begin in 1956 when the first documented modern drop tower 
research facility was built for NASA Glenn Research Center at Lewis 
Field.  Since 1956, approximately 17 documented drop tower research 
facilities have been created worldwide, including the United States of 
America (11), Germany (1), Japan (3), China (1), and Australia (1), of 
which at least 9 are still operational – West Virginia University’s Small 
Microgravity Research Facility (WVU SMiRF) is the latest in what history 
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In a modern drop tower research facility, an experimental payload is 
elevated to the top of a tower, where it is subsequently held, and then 
dropped onto or into a pad or similar component that catches and 
decelerates the payload without destroying it, allowing for repeated 
subsequent research.  In essence, the drop tower functions as a 
controlled malfunctioning elevator.  If an elevator were to fall, with an 
unfortunate passenger along for the ride – a very improbable event, as 
elevators have several redundant safety systems – if the passenger 
weren’t holding on to anything, they would  begin to float inside of the 
elevator, similar to what a skydiver would feel if there was no air 
resistance.  In the case of a drop tower research facility, the elevator car is 
the payload and the passenger is the experiment inside the payload.  The 
experiment briefly experiences artificial weightlessness during the drop, 
thereby allowing researchers to perform experiments in a weightless 
environment, at a reduced level of gravity, for a temporary period of time.  
Essentially, a drop tower research facility temporarily removes gravity! 
 
Drop towers have many fundamental advantages in comparison to other 
forms of research facilities.  At present, drop towers are used as research 
facilities for a wide variety of scientific research applications – 
experimental work for everything from fundamental physics and materials 
science to space technology development and medical research can be 
performed in a drop tower research facility.  Additionally, the environment 
and functionality of drop tower research facilities offer a facility within 
which a wide variety of frequently repeatable, relatively inexpensive, 
credible experimental research can be performed in a controlled 
environment at reduced gravity levels.  As one may note from the 
aforementioned lists, drop towers are the second least-complex form of 
reduced gravity research, next to computer simulations, and are the least 
complex reduced gravity method that involves practical experimental 
research.  It may serve to develop and validate computer simulations, and 
therefore, may even serve as the fundamental level of reduced gravity 
research, depending on the application.  The primary disadvantage of 
drop towers is the amount of time at reduced gravity conditions (i.e. 5-10 
seconds maximum).  However, a drop tower can serve as the first line, in 
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technology development to serve applications such as human space 
exploration, as one specific example of its many uses. 
6.2 Introduction 
It was the goal of the graduate student, under the guidance of Dr. John 
Kuhlman, with the help of so many others in a variety of capacities (please 
see the Dedication & Acknowledgements Section at the beginning of this 
thesis), to provide a drop tower research facility to WVU to enhance its 
reduced gravity research capabilities, primarily for the WVU MRT, and in 
doing so provide a model by which the larger scientific community may 
gain affordable, increased access to reduced gravity research.  However, 
any successful project is based on a solid foundation that includes both 
scope of work (see Project Identification Section) and a good set of project 
requirements. 
 
To obtain the requirements of the system, the team would conduct several 
meetings over approximately one month.  Initially, those discussions were 
based on idealistic goals, which would drive the desires of the team to 
achieve the best end result possible.  Some of those goals included long 
drop times with heavy, large-dimensioned payloads, with very light impact 
loads and very little drag to achieve the lowest reduced gravity conditions 
as possible.  The team also desired self-sustained payloads, with onboard 
power and data acquisition that would stream wireless, real-time video 
and data, remotely accessible via the internet.  Even a facility that would 
allow for motorized floors used for preparation of the payload near the top 
and bottom of the tower was considered.  An entire array of possibilities 
was discussed for each of the subsystems of the tower (more on that in 
the Concept Design Section).  Over the course of that month, however, 
the discussions evolved into considering practical achievement of those 
goals.  Other aspects had to be considered, such as long facility latency 
times between projects, without the facility deteriorating or malfunctioning 
when the next user may want to use it, weeks, months, or possibly even 
years after the previous use.  Well aware that budget is always a concern, 
the team maintained that the project should maintain as low of a budget as 
possible, not only for obvious financial reasons, but to make it a priority to 
show others it can be done affordably, thereby increasing access to other 
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increased proliferation of reduced gravity research.  That priority also led 
to the realization that with a limited budget, we may not be able to get 
everything we desired after this phase of the project was complete, and to 
design a system that could be upgraded as additional funds became 
available.  Ongoing discussions such as these led to requirements – those 
aspects that were non-negotiable, and goals – those aspects that the 
team should strive toward, aspects that the team should give a best effort 
to meet or exceed.  The result of those discussions formed the other half 
of the foundation of the project, resulting in the following lists of 
requirements and goals – requirements representing those aspects that 
are unwavering and mandatory, while goals represented those aspects 
the team should strive toward to make the facility that much better: 
6.2.1 Requirements 
1. Ensure personnel safety throughout all levels of the project 
• Rationale: People come first.  All other priorities are 
secondary. 
 
2. Keep end-user safety paramount throughout the design 
• Rationale: People come first.  All other priorities are 
secondary. 
 
3. Provide a system with long-term reliability 
• Rationale: There may be long periods between use 
and the facility must be able to perform without doubt 
and to maintain safety over the lifetime of the facility.  
This requirement also implies minimal capital 
investment in required maintenance over the lifetime 
of the facility. 
 
4. Provide a system that requires very infrequent maintenance 
• Rationale: This requirement couples with requirement 
3, but implies minimal human intervention is required 
to maintain reliability, as resources can be scarce and 
maintenance increases safety risk for those 
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minimal capital investment in required maintenance 
over the lifetime of the facility. 
 
5. Provide a system that can be upgraded over time 
• Rationale: Designing a versatile system allows for 
flexibility in technology to maintain relevance of the 
facility and extend capital investments to increase the 
viability of the facility over time 
 
6. Provide a system as inexpensively as possible 
• Rationale: Reduces the initial investment in the 
facility, thereby regaining value on investment as 
quickly as possible.  Additionally, by providing a viable 
inexpensive model, it may increase access to reduced 
gravity research via the possibility for other users in 
the larger scientific community to make a more 
affordable initial capital investment. 
6.2.2 Goals 
1. The facility should be OSHA-certified to ensure safety 
• Rationale: OSHA certification implies an industry-
accepted standard of quality and safety that may 
account for aspects that may not have otherwise been 
considered.  As a result of following those standards 
in addition to self-imposed standards, an even greater 
level of end-user safety may be achieved 
 
2. Design the facility such that it may be operated by a single 
person 
• Rationale: If the facility may be safely operated by a 
single operator, it increases the possibility for 
versatility in productivity, based on potential sporadic 
operator availability, and reduces the cost of 
operation, if one is associated with such a facility.  It 
also implies increased safety if more than one 
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3. Design the facility with quick turnaround times 
• Rationale: The capability of quick activation, 
preparation, and deactivation times leads to more 
frequent use of the facility, increasing productivity and 
value on investment 
 
4. Provide common hardware and setup facilities for users 
• Rationale: Providing users common mechanical 
integration interface, reduces wear on facility 
equipment, thereby reducing ongoing operational 
costs.  Additionally, by providing users setup facilities, 
a common readiness level is imposed for operation 
within the facility and ensures that all experiment 
payloads are properly prepared for integration into 
this facility 
 
5. Provide a tower tall enough to meet or exceed 1 second of drop 
time 
• Rationale: The longer the drop time, the more time at 
reduced gravity, increasing the capabilities of the 
facility and giving users more value on time and 
experiment investment. 
 
6. Provide a facility that meets or exceeds experiment weight 
allowances on parabolic flights from NASA JSC 
• Rationale: The larger the design range for weight 
limits increases the capability of the facility.  With 
allowances at or above those for parabolic flights, it 
ensures that future WVU MRTs can properly prepare 
and fully develop experiments for parabolic flight. 
 
7. Provide a facility and method that allows for near maximum 
payload stability prior to drop 
• Rationale: Payload stability prior to a drop ensures 
safety of personnel and safety of facility and 
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8. Provide a facility with impact loads as low as possible 
• Rationale: With lower impact loads, the experiment 
design may be more affordable and may lead to less 
stress on the facility. 
 
9. Provide a facility that supports an affordable experience for the 
end-user 
• Rationale: Providing an affordable experience for the 
end-user encourages more frequent use of the facility 
and provides a better opportunity for end-users.  
Providing users with commonly available hardware 
and software analysis tools increases experiment 
affordability and reduces time, effort, and investment 
for experimentation, allowing for capital investments 
in other aspects of a project.  It also permits ongoing 
data collection to increase facility data and 
understanding to provide to users to provide more 
accurate data to users. 
 
10. Create a website for the facility 
• Rationale: An internet presence allows for increased 
exposure that may lead to increased use and return 
on investment. 
 
11. Provide end-users web-based access to the facility and data 
• Rationale: Web-based access to the facility and data 
produced may lead to decreased costs on the user, 
allowing even more affordable experimentation, or 




12. Create PR and marketing material to market to as many 
possible  entities at the University, surrounding industry, and via 
the internet 
• Rationale: Marketing the facility may increase return 
on investment through more frequent use, while also 
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otherwise known about the facility, its capabilities, or 
potential experimental applications.  The more people 
that know about the facility and its capabilities, the 
more that may benefit from it, thereby benefitting the 
scientific community. 
6.3 Concept Design 
After the foundational guidelines of requirements and goals were set by 
the team, the concept design could begin.  To initiate the project and 
brainstorming, the team visited the NASA Glenn Research Center (NASA 
GRC) to see their 2.2s and 5.0s drop towers to expand upon the 
previously completed background research.  Seeing those towers and 
their operations was an invaluable experience to the direction, design, and 
construction of the WVU SMiRF. 
 
The NASA GRC’s 5.0s drop tower provides a payload frame that resides 
inside a cylindrical capsule with an aerodynamic cone on one end.  Final 
payload preparations can occur onsite in a large lab space adjacent to the 
drop tube that tunnels vertically into the ground.  During standard, present-
day operations, an overhead crane can lift an encapsulated payload into 
the drop tube, where it is mechanically affixed to a beam via a customized 
dog-boned bolt.  The tube is then evacuated to a hard vacuum to remove 
air resistance during the drop.  The bolt is then explosively sheared at its 
narrowest thickness.  The encapsulated payload drops into a pit filled with 
small polystyrene spheres that arrest the payload by its transference of 
energy into the compression and kinetic motion of the spheres.  The 
payload is then automatically recovered using the overhead crane, and 
the polystyrene spheres are collected and reused for the next drop. 
 
The team also visited the NASA GRC’s 2.2s drop tower.  The 2.2s drop 
tower is a stand-alone structure with an entrance at street level, while the 
majority of the tower resides within a ravine that runs near to the street, 
allowing for a tall tower.  It too has a preparation shop, although much 
smaller than the 5.0s drop tower.  However, they also provide payload 
frames to users.  They allow the users to borrow the frames to construct 
payloads off-site.  Once users assemble their payload, it may be brought 
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shield.  Once the payload is prepared for a drop, data acquisition systems 
are enabled via a fiber optic line connected to the facility.  The payload is 
raised to the top of the tower, while the preparation level’s floor is opened 
as a two-door hatch, exposing the deceleration pad many floors below.  
Once the payload is raised to the top, a small wire is screwed into the top 
of the payload frame, while the other side of the wire, outfitted with a very 
smooth metal cap is clamped via a pneumatic vise.  The deceleration pad 
is also inflated pneumatically.  Once the payload is ready for a drop, the 
supply air to the pneumatic vise is turned off.  The pneumatic vise slowly 
loses gripping power, and allows the small wire and payload to slip 
smoothly from its grips.  As the payload falls, all of the aerodynamic loads 
are transferred into the drag shield that surrounds the payload, while the 
experiment payload slowly descends toward the front vertical bow of the 
drag shield, as it does not experience any of the aerodynamic drag and 
falls relatively faster than the drag shield.  It then experiences a controlled 
arrest via the pneumatic air bag that employs a custom-engineered set of 
louvers that control the rate of airflow from the air bag.  The payload is 
then automatically retrieved via the overhead crane that raises it. 
 
Both towers were seen to have had advantages and disadvantages.  The 
5.0s drop tower provided a large preparation space, and enabled users to 
have very large experimental payloads with onboard data acquisition and 
power.  It also provided a drop devoid of aerodynamic loads.  However, 
turnaround times were slow due to clean up of the polystyrene spheres, 
and evacuation of the tube.  Furthermore, each bolt is a custom-made bolt 
that cannot be reused.  Operations required several personnel.  
Meanwhile, the 2.2s drop tower also provided a large preparation area 
and support staff.  Additionally, the location of the preparation floor was 
convenient and unique in design, allowing dropping payload to fall through 
hatched doors.  The use of pneumatics throughout the system truly did 
provide a very smooth release and deceleration of payloads.  It also 
required fewer personnel for operations.  However, it did not have onboard 
data acquisition.  The fiber optic cable had to unspool while the payload 
dropped.  Additionally, the pneumatic systems add some complexity and 
maintenance.  All of these advantages and disadvantages could be 
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After the conceptual visioning of the design and operations of a drop 
tower, and the visitation experience that would prove as an invaluable 
benchmark for the WVU SMiRF, the designer began work on a conceptual 
performance analysis for the WVU SMiRF.  In order to meet Goal #9, the 
designer would create all design and analysis tools in a widely-accessible 
software platform by employing Microsoft Office products.  Therefore, an 
Excel spreadsheet was created to perform the initial concept design 
calculations.  The spreadsheet allows users to input desired payload 
specifications of weight, length, width, height, desired drop time, and the 
desired deceleration specifications of peak impact load, and deceleration 
pad specifications of length and width, assuming a pneumatic pad similar 
to that used in the NASA GRC’s 2.2s drop tower. 
 
Hence, one is able to conceptually design both the height of the tower 
desired, or estimate drop conditions, based on a limited height of a drop 
site.  One is also capable of estimating a required minimum deceleration 
performance, including estimations of the peak deceleration forces 
required.  Both are key factors at the conceptual phase in order to properly 
baseline the minimum performance requirements.  With 9 user inputs and 
3 input constants that account for drag conditions, all other calculations 
can lead to a conceptual design that results in estimated outputs that 
include: 
• Kinematic and drag-adjusted payload locations vs. time 
(i.e. height vs. drop time) 
• Payload impact force 
• Necessary deceleration forces and deceleration 
thicknesses 
 
The following 9 user inputs leading to those outputs are: 
• Desired drop time 
• Payload weight 
• Payload length 
• Payload width 
• Payload height 
• Deceleration diameter  
• Deceleration length  
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• Desired peak g-loads (i.e. max payload g-forces during 
deceleration) 
 
The following 3 input constants are also necessary to adjust for 
aerodynamic drag: 
• Gravitational constant 
• Appropriate drag coefficient for the payload shape 
o It should also be noted that the designer assumed 
constant drag for the initial analysis – an 
assumption that may or may not be true.  The true 
drag should be calculated from the data collected 
during drops to increase the accuracy of 
aerodynamic and impact load analyses. 
• Air density 
 
Given those inputs, the desired outputs can be calculated against 
increasing time, from the release of the payload through deceleration, in 
order to estimate facility performance characteristics.  It is also pertinent to 
note that every variable output would be primarily calculated in SI units 
and converted to English units.  Hence, the spreadsheet also includes 
conversion factors against which conversions can be made.  Furthermore, 
all calculations are assumed to be estimates, as real-world conditions 
would inevitably vary from the ideal calculation assumptions.  First, 
several input constants would be calculated from user and constant 
inputs, including: 
 
• Cross-Sectional frontal area of the payload, as seen by 
the aerodynamic streamlines 
 
 𝐴𝑟𝑒𝑓 = 𝐿𝑝𝑎𝑦𝑙𝑜𝑎𝑑𝑊𝑝𝑎𝑦𝑙𝑜𝑎𝑑 (6.3 – 1) 
 
 
• Volume of the deceleration system 
 
 𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 𝜋𝐷𝑝𝑎𝑑𝐻𝑝𝑎𝑑 (6.3 – 2) 
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 (6.3 – 4) 
 
 
• Terminal velocity 
o Based on a free body diagram of a generically 
shaped object, two predominant forces prevail, 
specifically gravity and drag.  The designer 
assumes throughout the analysis that both the 
local gravity gradient, and thus the local 
gravitational acceleration, is constant and 
equivalent to the average global gravity constant 
of 9.8 m/s2 (32.2 ft/s2).  The designer also 
assumes that due to the short distance and the 
fact that the facility is located on the land mass 
surface of Earth that the facility is close enough to 
the core of the Earth to use Newtonian equations 
for gravity, rather than Einsteinian equations.  
Furthermore, Aref is the frontal reference area of 
the payload, as seen by the streamlines, most 
predominantly along the gravity gradient, 
assuming the payload is dropped evenly.  
Additionally, when the payload reaches terminal 
velocity, the net force on the payload is zero, by 
definition, as the effect of gravity and the effect of 
drag are equal.  Assuming the local gravity 
gradient and drag are constant and the direction 
opposite of the gravity gradient is positive: 
 





𝐶𝐷𝜌𝑎𝑖𝑟𝑣𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙2 𝐴𝑟𝑒𝑓 = 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦  
 
 ∴ 𝑣𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = �
2𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦
𝜌𝑎𝑖𝑟𝐴𝑟𝑒𝑓𝐶𝐷
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Next, a column of increasing time was created, with an arbitrary time step 
of 0.1s.  The resolution of the calculations and graphs may be adjusted, by 
adjusting the time step.  Using the time column, and previously calculated 
and converted inputs, and assuming a constant drag coefficient, one could 
then estimate, based on the resolution of the time step,  all necessary 
drop outputs in sequential order: 
 
• Kinematic drop distance (i.e. payload z-location, height, 





𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦𝑡2 (6.3 – 6) 
 
 
• Kinematic payload velocity without drag 
 
 𝑣𝑘 = 𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦𝑡 (6.3 – 7) 
 
 
• Drag-inclusive payload velocity 
From first principles of a free body diagram, with drag 
oriented opposite of gravitational acceleration, away from 
the surface of the Earth, and Newton’s 2nd Law: 
 
From Newton’s 2nd Law: 
 �𝐹 = 𝑚�𝑎  
 





From the FBD: 
 �𝐹 = 𝐷𝑟𝑎𝑔 + 𝑊𝑒𝑖𝑔ℎ𝑡  
 
 �𝐹 = −
1
2
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𝐶𝐷𝐴𝑟𝑒𝑓𝜌𝑎𝑟𝑣𝑑𝑟𝑎𝑔2  (6.3 – 8) 
 
 


















𝐶𝐷𝐴𝑟𝑒𝑓𝜌𝑎𝑟𝑣𝑑𝑟𝑎𝑔2   
 
 
Where, since the payload is at rest, just prior to drop: 
 








𝐶𝐷𝐴𝑟𝑒𝑓𝜌𝑎𝑟𝑣𝑑𝑟𝑎𝑔2   
 
Combining and moving all terms to one side to create a 














𝑏 = 1 
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And substituting into a quadratic form 
 
 𝑣𝑑𝑟𝑎𝑔 =








Based on common sense, the negative term would never 
make practical sense, and therefore, we only keep the 
positive term after simplification 
 
 ∴ 𝑣𝑑𝑟𝑎𝑔 =







 (6.3 – 9) 
 
• Drag-inclusive payload drop distance 
 
Simplifying and rearranging equation 6.3-8 and taking the 
indefinite integral 
 







 𝑣 = �𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦 −
1
2𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
𝐶𝐷𝐴𝑟𝑒𝑓𝜌𝑎𝑟𝑣2� 𝑡 + 𝐶1  
 
 
When t = 0, v = 0, and therefore C1 = 0 
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Substituting, rearranging to isolate dz and taking the 
indefinite integral 
 
 �𝑑𝑧 = ��𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦 −
1
2𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
𝐶𝐷𝐴𝑟𝑒𝑓𝜌𝑎𝑟𝑣2� 𝑡 𝑑𝑡  
 






+ 𝐶2  
 
Using the same boundary conditions as used in solving 











𝜌𝑎𝑖𝑟𝑧𝑘2�� 𝑡2 (6.3 – 10) 
 
 




 (6.3 – 11) 
 
 







 (6.3 – 12) 
 
 




 (6.3 – 13) 
 
 
• Payload impact force 
 𝐹𝑖𝑚𝑝𝑎𝑐𝑡 = 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 �
𝑣𝑑𝑟𝑎𝑔𝑡𝑛 − 𝑣𝑑𝑟𝑎𝑔𝑡𝑛−1
𝑡𝑛 − 𝑡𝑛−1
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From those calculations, drop time was calculated against drop height and 
payload velocity, as shown in Figure 6-1 and Figure 6-2 for the assumed 
values found in Appendix B. 
 
 
Figure 6-1: Concept Design Drop Time vs. Drop Height 
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6.3.1 Payload Frame Concept 
After visiting the NASA GRC’s drop towers, the team and the designer 
were encouraged by the drop heritage that their frames had endured over 
their long years of operation.  The initial idea that the designer had was to 
build a frame very similar to some of those used at NASA GRC’s 2.2s 
drop tower.  The initial decision to provide a payload frame to users stems 
from Goal #9.  Providing as much of the equipment common to reduced 
gravity research, provides users with a relatively more affordable 
experience, allowing them to use their funds in other areas of their 
projects, leading to better project quality.  It also encourages more 
frequent use of the facility itself, regaining value on capital investment.  
However, to remain as versatile as possible, we also wanted to design the 
facility such that it could accept other payload frames, allowing users that 
remain within design and interface limits to bring their own payload 
frames, as desired. 
6.3.2 Data Acquisition System Concept 
In addition to providing a payload frame, the designer continued to strive 
for Goal #9 and provide a data acquisition system for the user.  However, 
unlike the NASA GRC 2.2s drop tower, the designer wanted to have a 
standalone, ride-along data acquisition system, so as not to induce 
vibrational loads from fiber optics, added drag due to the unspooling 
friction, or to take on the risk of a snag during unspooling of the fiber 
optics.  Furthermore, the designer wanted to provide the user with an 
onboard power supply system to support both the data acquisition system 
and the experiment.  At the most basic level, the system would have to be 
capable of measuring acceleration along 3 axes, but the designer would 
also strive to provide the most versatile, and therefore, affordable system 
as possible. 
6.3.3 Structural Concept 
The facility structure is the most important subsystem of the entire facility.  
Without it, the WVU SMiRF would not exist.  Originally, several concepts 
were considered, including one without a full structure.  The team had 
considered a system where a chain hoist, outfitted with a release 





Development of the West Virginia University 
Small Microgravity Research Facility (WVU SMiRF) 
Copyright© 2014 
Kyle G. Phillips 
 
 
the ground, and the release mechanism could be operated from the 
ground, very similar to the very first drop tower research facility built at the 
NASA Lewis Research Center.  Even in that case, the ceiling structure 
would still prove to be the most important subsystem.  Without a structure 
to support the payload prior to a reduced gravity operation, a reduced 
gravity facility could not exist.  Even if one were to catapult a payload into 
the air, the foundation from which the payload was launched would form 
the structure. 
 
The designer quickly realized that the structural system would be highly 
dependent on the site chosen for the facility.  Ideally, the facility could be 
located at a pre-existing structure that could be retrofitted to form the 
facility’s structure.  Several sites were considered including existing 
agricultural silos, the exterior of tall buildings, elevator shafts, atriums, and 
vacant high-bay spaces.  Eventually, after speaking with several parties 
about potential sites, the team found an acceptable, existing interior high-
bay space that was tall enough to achieve Goal #5, based on the originally 
developed concept analysis spreadsheet, and would provide protection 
from the elements, driving toward Requirement #3. 
 
Once the site was determined, finalized concept designs began.  Initially, it 
was thought that the walls of the high-bay building could be utilized as part 
of the structure.  A 9-month effort led to the development of an Excel 
spreadsheet, an accompanying CAD model, and an FEA analysis, to 
ensure designs were in compliance with OSHA regulations, in order to 
design a wooden platform and staircase structure to access and operate 
at the top of a pre-fabricated steel structure that would form the drop tower 
structure.  Those analyses were performed to help ensure Requirements 
#1 and #2.  It is the primary function of the structure to provide safety to 
personnel and users, while all other functions are secondary.  Therefore, it 
must have an abundant Factor of Safety (FoS). 
6.3.4 Release System Concept 
After visiting the NASA GRC’s drop towers and realizing the basic fact that 
there was more than one possibility for releasing a payload, the team and 
designer considered several release concepts, including a mechanical 
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pneumatics, and electromagnets.  All of these concepts would require 
mounting the release system to the structure.  The primary driver of the 
release system was a goal (i.e. Goal #7) that involved achieving a very 
safe and stable holding period prior to release.  As a result, the team also 
considered a two step process of lifting the payload and then transferring 
to a separate release system, so as not to take on a combined risk of a 
singular system lifting, holding, and releasing a payload, which would help 
achieve Requirements #3 and #5 and Goal #7 through reduced reliance 
on a singular system, thereby decreasing subsystem complexity and 
increasing reliability.  As the release system is an inherent point of risk 
during operation, its absolute reliability could not be understated.  That 
system must have a large FoS.  Additionally, the release system must 
have a smooth, symmetrical, stable release so as not to impart 
asymmetric inertia into the payload at the time and point of drop.  Doing so 
would cause the payload to rotate during drop causing an asymmetric 
landing that could be catastrophic to the experiment, the facility 
equipment, the facility itself, and most importantly to the people and 
operators.  That is an absolutely unacceptable scenario. 
6.3.5 Deceleration System Concept 
As with the release system, several various options were considered for 
the deceleration system, including a polystyrene pit, a pneumatic air bag, 
a series of nets controlled by torque-resistant pulleys, and a foam pad.  
The primary consideration for the design of the deceleration system is 
determining the maximum payload weight limit, considering the budget 
and Goal #8.  Driving toward Goal #8 allows for less expensive payload 
frame design and manufacturing.  It also drives toward a more versatile 
range of experiments.  Lower impacts loads require less robust 
experiment hardware.  However, with some clever engineering, even 
those loads can be reduced within the payload frame, so long as the 
payload frame is versatile enough. 
6.3.6 Lift/Retrieval System Concept 
As discussed in other subsystem concept sections, several options were 
considered for the lifting/retrieval subsystem.  Questions arose to whether 
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system, or even if a previously existing system (e.g. a high-bay crane) 
could be used for this purpose.  There was also discussion as to whether 
the system could automatically retrieve the payload, or if that process had 
to be a manual process.  Using a triggered claw-like system that is 
triggered by a protrusion on the payload frame, a system could be 
engineered that automatically closes as the lifting/retrieval system is 
lowered onto the payload, allowing that subsystem to clasp onto the 
payload without human intervention, decreasing risk, and increasing 
turnaround time, driving toward Requirements #1 and #2 and Goals #2 
and #3. 
6.4 Final Design 
To continue to deliver performance over the life of the facility, all 
subsystems had to strive to meet all of the aforementioned Requirements 
and Goals set forth.  Final designs for each subsystem were developed, 
based on the conceptual designs. 
6.4.1 Payload Frame Design 
The payload frame serves as the primary interface between the facility 
and the user.  Thus, it has to provide a versatile, universal mechanical 
interface between the experiment and the facility.  As the primary 
interface, it is also the most likely subsystem to undergo use and 
encounter wear.  Therefore, its design has to remain as simple as 
possible, thereby increasing reliability and affordability, whilst not imposing 
on capability.  Furthermore, the payload frame also has to be able to 
withstand the impact force up to the rated payload weights of the facility, 
with an ample FoS.   
 
Based on past drop heritage, simplistic design, and relatively large 
dimensional volume, the developer chose the NASA GRC’s 2.2s 
rectangular frame design as the preferred frame of choice.  Graciously, 
the NASA GRC provided us with the drawings necessary, and Wilson 
Works, Inc. of Morgantown, WV built the frame to those specifications for 
$1,557.00.  Its physical dimensions, open interior design without pre-
formed shelving and/or other physical features, and structural 
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of schedule and cost of development, or lack thereof due to the provisions 
of drawings from NASA GRC, were key administrative decision drivers. 
 
Its simplistic design and fabrication affords it the best odds of long-term 
reliability, low-maintenance, and structural performance.  The payload 
frame is fabricated from as few pieces of AL6061-T6 as possible.  By 
breaking the aluminum at the corners to form a bent aluminum shell, 
welded to two aluminum plates that form the top and bottom, the structural 
design utilizes continuity of material to increase structural performance, as 
indicated by its long drop heritage in the NASA GRC 2.2s drop tower.  
Gusset plates are used in the corners and riveted between the top and 
bottom plates and the bent center section.  This form created a completely 
open interior, measuring 37” long x 15” deep x 32” tall (exterior 
dimensions are an additional 1” per dimension), allowing for versatility of 
experimental payloads dimensions, with maximum dimensional size, 
allowing for larger, heavier, and a wider variety of experiments.  The 
payload frame itself weighs 60.2 lbs.  The term payload weight refers to 
the full weight being dropped in the tower, thus representing the weight of 
the payload frame supplemented by the additional weight of the 
experimental payload.  Additionally, a C-channel runs the depth of the 
frame, bolted to the top plate at its geometric center, increasing structural 
support at what is considered to be the best location for a single-point-of-
support for drops, as most drop towers would most likely interface at a 
singular point to increase the quality and reliability, and thus safety, of a 
drop.  A depiction of the fully-outfitted payload frame is presented in 
Figure 6-3. 
 
After fabrication and delivery of the payload, the developer made several 
modifications to the payload frame, in order to meet Requirements #3, #4, 
and #5, as well as Goals #3, #4, #6, #7, #8, and #9.  The developer was 
striving for a universal interface, such that users would mechanically 
interface with a pre-determined bolt pattern, structurally sufficient up to, 
and beyond, the payload weight limits and impact loads created at those 
weight limits, while also being simplistic, symmetric, and universal for each 
user.  Six ¼” countersunk clearance holes were drilled into the bottom 
plate of the payload frame.  The countersink allows panhead screws to 
stay flush with the bottom plate as the payload drops onto the deceleration 
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Figure 6-3: WVU SMiRF Payload Frame 
 
“interface table” that was designed by the developer and produced by the 
WVU MAE shop.  That interface table employs foot plates, 1”x1” square 
tubing, and a 24” x 12” plate, forming a table 7.5” in height, as shown in 
Figure 6-4.  The table surface may be drilled with any custom hole pattern 
desired by the user, allowing for maximum versatility.  Eventually, that 
table surface would have to be replaced after the structural integrity or 
usable capability has been exceeded.  However, the height of the table 
reduces the usable space on the interior of the payload frame.  
Furthermore, a grid of Velcro strips was adhered to the interior of the 
bottom plate.  These Velcro strips are used with WVU SMiRF-provided 
counterweights to properly balance the payloads prior to integration into 
the facility, thereby ensuring a clean, balanced drop.  Third, a ½” 
clearance hole was drilled into the C-channel at the geometric center of 
the payload frame.  A grade-8 ½” bolt was attached to the payload frame 
with a nylon-insert locknut and large diameter washers, through a polished 
steel plate, which sits atop an aluminum plate with four stabilizing prongs 
that do not allow the steel plate to physically move from the release 
system once attached.  That simplistic system provides the interface 
between the payload frame and the facility.  Additionally, it is the system 
that any user must use in order to use their own payload frame in the 
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corners of the payload frame that impact the deceleration system.  User-
produced payload frames must also have similar features in order to use 
the facility.  This universal simplistic interface ensures minimal wear on 
both the payload frame and the facility, while remaining versatile enough 
to accept a wide variety of experimental payloads and deliver safe, reliable 
testing with low-maintenance and few ongoing costs.  Moreover, it also 
allows the user a custom interface option, or for the user to use their own 
payload frames, so long as they meet the required interface points with 
the facility.  Appendix C provides developers and users with the drawings 
and interface points of the payload frame. 
 
 
Figure 6-4: Payload Frame Interface Table 
 
Lastly, a drag shield was not included in the initial development of the 
WVU SMiRF.  During initial development, the cost and time associated 
with designing and developing a drag shield was prohibitive.  Moving 
forward, the developer suggests that a drag shield be developed for 
permanent employment at the facility.  When properly designed, a drag 
shield will increase the reduced gravity-level (g-level) quality of the drops.  
The typical design of a drag shield incorporates a metal structure with a 
fixed nose section that serves as the aerodynamic element, cutting down 
on the overall drag of the falling payload.  The payload is mounted within 
the drag shield on a set of rails, that allow relative movement between the 
payload and the drag shield during the drop, as the drag shield will 
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experiences the aerodynamic drag from which the payload is shielded.  
The design of such a system can get very creative, however.  Things such 
as collapsible pneumatic boots may be fitted onto a relatively simply 
shaped drag shield, allowing future tailoring of drag shapes and easier 
handling of the shield upon impact.  By incorporating such a design, the 
deceleration system may also be more simplistically designed for longer 
reliability of both the drag shield and the deceleration system.  
Furthermore, removable polycarbonate panels could be affixed to the 
inner wall surfaces to further reduce drag and aerodynamic transference 
to experimental payload, while providing pleasing, professional aesthetics 
to the payload frame. 
6.4.2 Data Acquisition System Design 
In order to provide a comprehensive experience, thereby increasing 
affordability for the user, the developer decided to procure a data 
acquisition system capable of providing onboard, real-time data recording.  
However, to do so required a great deal of forethought into the types of 
research that may eventually be performed at the WVU SMiRF, and the 
types of instrumentation and/or control that would be required of the data 
acquisition system for those endeavors.  As drop tower research affords 
wide flexibility as to the type of data that may be acquired, so too must the 
data acquisition system. 
 
Additionally, as the WVU SMiRF is, at a minimum, a university asset, it is 
also an extremely valuable educational opportunity.  As such, the 
experience of not only developing research, but also the execution of that 
research via experimentation could serve to be very valuable to student 
education.  In order for the experience to prove valuable, it is not only 
desired to simply have the experience, but also to provide a tangible skill 
set that may be applied in further academic endeavors and post-
graduation experiences in industry.  In order to accomplish that level of 
experience, equipment providing similar skill sets that may be expanded 
on, or the same equipment used, in industry or advanced research should 
be purchased, in order to teach those skills needed, if possible. 
 
With all of that in mind, the developer decided to procure a National 
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research and is commonly used in industry.  A National Instruments (NI) 
Compact RIO system was purchased that has the capability to handle 
real-time data collection.  The choice of the NI cRIO-9074 provides the 
foundation for current research and future expandability.  It features: 
 
• A ruggedized, embedded control system in an 8-slot chassis 
• A 400 MHz real-time processor capable of data logging, control, 
and analysis 
• A field-programmable array (FPGA) for Input/Output (I/O) timing of 
sensing, control, and processing 
• Ports for several types of peripherals 
 
Furthermore, in order to provide for a very comprehensive initial 
experience at the WVU SMiRF, several modules were also procured to 
populate the slots of the NI cRIO-9074, in addition to providing 
accompanying LabView software.  These modules included: 
 
• NI-9205 Analog input module 
o 32 single-ended channels or 16 differential channels 
o 16-bit resolution at 250 kS/s 
o ±200 mV, ±1 V, ±5 V, ±10 V programmable input ranges 
o NIST-traceable calibration 
 
• NI-9221 Analog Input Module 
o 8 channels 
o 12-bit resolution at 800 kS/s 
o ±60 V range 
o NIST-traceable calibration 
 
• NI-9421 Digital Input Module 
o 8 channels 
o 100 µs sinking digital input 
o 12 V - 24 V range 
 
• NI-9472 Digital Output Module 
o 8 channels 
o 100 µs sourcing digital output 
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• NI-9234 IEPE Module 
o 4 channels 
o BNC connectors 
o ±5 V input 
o 24-bit resolution at 51.2 kS/s 
o 102 dB dynamic range 
o Software selectable AC/DC coupling (0.5 Hz), IEPE signal 
conditioning (0 or 2 mA) 
o NIST-traceable calibration 
 
• NI-9977 Filler Module (qty = 3) 
o Used to fill in empty slots in NI cRIO-9074 to protect slots for 
future expandability 
 
As one may note, this system would provide a fairly comprehensive 
experience to the user by providing a variety of sensing and control 
options for a multitude of experimentation, hence fulfilling Requirement #5 
and Goals #4 and #9.  Yet, for as much versatility as this initial system 
has, it is the most highly specified, and hence the least versatile system of 
the WVU SMiRF, and therefore must be upgraded over time to maintain 
the versatility of the facility in keeping with the overall requirements set 
forth for the facility. 
 
However, as the aforementioned data acquisition system will serve as the 
primary data acquisition system, a simplified, secondary data acquisition 
system had to be used for system checkouts, primarily due to the 
uncertainty in the performance characteristics of the facility.  The primary 
unknown performance characteristic was the g-load shock upon impact 
with the deceleration system.  This resultant physical threat led to the 
selection of a relatively inexpensive data logger that could be replaced if 
damaged.  After researching a wide array of simplified data loggers to 
record accelerations and thus calibrate the facility, the developer selected 
a Vernier LabQuest 2 data logger1.  The primary features of the LabQuest 
2 included: 
1 The purchase of that data logger required the stipulation that it was purchased for educational 
purposes, which was appeased through the training of a select number of students at the drop 
tower and through the demonstration of actual experimental drop data to a high school student that 
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• A standalone power supply (Li-on battery) 
• A touch screen user interface 
• Embedded data logging software 
• Free analysis and conversion software 
• 12-bit resolution at 100 kS/s 
• Maximum Sampling Rate with 2+ sensors = 10kS/s 
• 5 sensor channels 
 
The developer also procured three 25-g accelerometers, each with an 
accuracy of ±0.25g, mounted in the orthogonal coordinate system of the 
payload frame at the geometric center of the bottom plate.  The data 
logger was then mounted inside of a customized housing for drops.  The 
housing included a memory foam liner, to further reduce impact loads on 
that component, and a Faraday cage to reduce any EMI from outside 
sources.  A photo of the customized housing is presented in Figure 6-5.  
Any effects from the Faraday cage on data collection are unknown, but do 
not seem to have affected the desired sampling rate input prior to the 
drops.  This data logging system, along with its software and customized 
housing, performed well and proved that the data acquisition housing 
could perform to adequately block EMI and provide impact support, 
thereby allowing the data acquisition system to survive current impact 
loads of the checkout configuration.  Additional information about both 
data acquisition systems may be found in Appendix D. 
 
 
Figure 6-5: Data Acquisition System Drop Box, Including 
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6.4.3 Structural Design 
As the fundamental system of the facility, the structure should also serve 
to meet all of the Requirements and Goals 1-9.  As such, to obtain the 
versatility required, the design had to be simplified, while meeting those 
Requirements and Goals.  The fact that a simplified system would 
ultimately lead to increased versatility and reliability, while reducing 
ongoing maintenance, led the developer to determine that a unified, pre-
fabricated system would accomplish those Requirements and Goals better 
than a custom system.  A custom system, when well designed and 
fabricated, may perform even better than a mass-produced pre-fabricated 
system and could cost less.  However, custom systems also take a great 
deal of design and fabrication resources, as well as a thorough and 
potentially elaborate inspection process for safety certification.  
Alternatively, by choosing to construct a pre-fabricated, OSHA-certified 
system, many of those hurdles could be surpassed in favor of expediency, 
and potentially unforeseen fabrication and maintenance costs.  After 
researching several pre-fabricated options, a scaffolding system was 
decided to be a versatile solution to form the various necessary elements 
of the structure, while also capable of being assembled by a minimal 
number of personnel, thereby increasing safety during construction.  A 
BilJax Sectional Scaffold system was purchased after cost negotiations 
with Grainger, who accommodated our requests generously.  Rather than 
just one drop tower, two supporting towers would also be erected.  One 
tower would serve to produce access via staircase to the top of the tower, 
while the other served to provide personnel access to a second side of the 
drop tower at the top of the tower.  The towers were then secured to each 
other and to two walls of the building’s structure within which it was 
located, every 20 vertical feet, per OSHA standards, all of which can be 
seen in Figure 6-6 through Figure 6-8.  Several extra parts would also be 
procured for any future part replacements. 
 
However, even with a pre-fabricated solution, some customization was 
necessary.  An I-beam support system had to be custom-fabricated to 
integrate into the scaffold framing to transfer loads from hanging payloads 
into the structure, while serving the purposes of hanging the release 
system from the geometric center of the drop tower and providing a 
mounting surface for the hoist to lift payloads.  The loading scenarios were 
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thus the calculations could be simplified.  Simple point supports at four 
corners, with point loads for two scenarios: 1) a lifting scenario with the 
hoist transferring loads into the I-beam structure, and 2) a holding 
scenario of the payload prior to release from the release system.  
Including a FoS of 6, the calculations were completed prior to fabrication.  
Lastly, a small preparation boom, allowing payloads to hang from the drop 
tower, was fabricated using extra parts, allowing users to balance their 
payloads prior to drop, which is shown in Figure 6-9.  Further information 
about the structure may be found in Appendix E. 
 
 
Figure 6-6: WVU SMiRF Structure 
(Center – Drop Tower; Behind – Staircase Tower;  
Left- Additional Access Tower) 
 
 
Figure 6-7: Structure 
Stabilizing Arms 
(as required by OSHA) 
 
Figure 6-8: Clasping System 
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Figure 6-9: Balance Boom 
6.4.4 Release System Design 
As the second of two points of primary risk, and arguably the riskiest 
safety point of the entire drop tower, the release system must be safe.  
After safety concerns are addressed, the system must perform to produce 
a smooth, even release with very little to no resistance.  Therefore, after 
taking into account all of the Requirements, and Goals #2, #3, #4, #6, and 
#7, the developer chose an electromagnetic release method.  The primary 
downsides to an electromagnetic release are that the electromagnet 
produces electromagnetic interference (EMI) that may interfere with 
electronics on user payloads, and that it increases the complexity of the 
drop tower by adding more electrical work.  However, an electromagnetic 
release provides a very smooth, even, nearly resistance-free release 
across the surface of the ferrous plate to which it must interface.  By 
hanging the electromagnet from a singular point on the I-beam structure, 
using a ½” cable, the system may also be upgraded at a later time.  
However, the Magnetool electromagnet chosen should last the life of the 
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SMiRF.  In addition to the electromagnet, a common interface system that 
attaches to payloads had to be developed, which included a stabilizing 
crown, consisting of 4 aluminum prongs to prevent the electromagnet from 
sliding off the ferrous steel plate contained within the crown, as shown in 
Figure 6-10 through Figure 6-12.  A ½” bolt attaches a polished steel plate 
to the payload frame.  This system has since produced very safe, 
repeatable, stable drops.  Additional information about the release system 
is presented in Appendix F. 
 
 
Figure 6-10: Payload Frame Crown 
 
 
Figure 6-11: Release System Final Design – Depicting 
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Figure 6-12: Release System with Attached Payload 
6.4.5 Deceleration System Design 
In partnership with the release system, the deceleration system is the 
second of two very risky points in the system, that required very careful 
consideration in addition to meeting the Requirements and Goals set forth.  
If the risk from the release system is that it may release the payload 
unevenly causing an abnormal and possibly dangerous drop, it is the 
responsibility of the deceleration system to perform, even during the worst 
of scenarios.  Its primary function is to protect personnel from dropping 
payloads.  Its secondary function is to protect the building and facility.  Its 
tertiary function is to protect payloads.  If the facility performs as intended 





Development of the West Virginia University 
Small Microgravity Research Facility (WVU SMiRF) 
Copyright© 2014 
Kyle G. Phillips 
 
 
ever employed.  On the line of thinking that the initial investment must 
have long-term value, the deceleration system, the system assumed to 
take the most physical abuse, and therefore have the shortest physical 
lifetime, must be robust and have very low-maintenance, with an 
extremely high record of reliability.  Simplicity would again be a key design 
feature for this system.  With that in mind, the developer chose memory 
foam padding as the solution for the deceleration system.  The open-cells 
of the memory foam would allow the system to continue to rebound 
between drops and continue to perform over long lengths of time.  To this 
end, the team would begin to perform material testing in order to 
determine the type of memory foam and thickness. 
 
The goal of the design of the deceleration system then turned to 
determining the proper combination of foam stiffnesses to employ in order 
to get the proper deceleration profile, based on the results from the 
concept design.  From Newton’s 2nd Law we know that 
 
 𝐹 = 𝑚𝑎 6.4 - 1 
 
If we can assume that the force could be translated into a pressure, using 





 6.4- 2 
 
Furthermore, we need to determine the amount of deflection through each 





 6.4- 3 
 
where L here describes the height or thickness of an individual ply of 
foam.  Solving for pressure and substituting into the modified version of 
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and solving for acceleration to determine the deceleration profile based on 
an individual ply of open-celled foam and converting to units of “g’s” by 








 6.4- 5 
 
Note here that the deceleration equation would later be applied to a 
MATLAB code in which various configurations of different foam stiffnesses 
would be combined.  In order to practically implement such a code, it was 
approximated that the foam ply beneath the current ply of interest would 
fully deflect prior to the subsequent ply beneath it beginning to deflect.  
Therefore, when 








 6.4- 7 
 
thus, the deceleration profile is primarily based on mass and dimensions 
of a payload and on the characterization of the elastic modulus of the 
foam. 
 
To ensure that the designed system adheres to the concept design 
analysis, one must characterize the elastic modulus of the various plies of 
memory foam.  To generate a stress/strain curve from which the elastic 
modulus could be derived, the typical pull test would not work, as it would 
tear apart the foam with no appreciable resistance.  Therefore, a different 
standard method had to be sought.  Fortunately, the vast knowledge 
within the material science and testing fields prevailed to produce the 
standard ASTM D3574-08 that describes the “Standard Test Methods for 
Flexible Cellular Materials – Slab, Bonded, and Molded Urethane Foams.”  
Using that standard a test was set up on an Instron material testing 
apparatus.  Using SunMate cushion samples sent from the manufacturer, 
Dynamic Systems Inc. (DSI), 1” x 1” x 1” (qty = 5) samples were taken 
from each foam type for characterization.  Each sample underwent both 
compressive and decompressive test analysis.  Furthermore, 8 different 
types of foam would be tested in order of less stiff to more stiff: extra soft, 
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latter of which we were told by DSI is used in aircraft ejection seats for 
high g-load support. 
 
However, only the compressive data sets were retained, as most of the 
samples lifted off from the load cells during decompression, due to the 
slow response time of the foam.  The results were compiled into a singular 
graph, including error bars, as shown in Figure 6-13, to determine elastic 
moduli for each foam type, which were then used in the MATLAB program 
to determine the necessary foam types and thicknesses required for the 
desired deceleration profile [Appendix G].   
 
The final configuration would be determined by the MATLAB program, 
with some final as-built modifications.  T50E would be employed as the 
bottom ply in order to provide the stiffest resistance to impact and protect 
the building’s concrete floor.  Furthermore, the final configuration of the 
foam pad featured stacked plies without adhesion between plies.  It was 
thought that less degradation would occur over time due to the chemical 
interaction between the glue and the foam plies, allowing for natural 
degradation times of the foam, which are currently unknown, but are 
assumed to be many years.  The degradation of the plies will show up as 
varying deceleration performance over time, based on the data that is 
obtained from individual experiments.  The degradation may be tracked 
using the software developed by the graduate student, and compiling into 
a master database.  Moreover, leaving the foam simply stacked allows for 
greater energy dissipation through the relatively small translational 
movement of the plies and the individual ply deflections.  It also allows for 
less ply-to-ply stress in comparison to if they were adhered.  In that case, 
the ply above would inevitably be undergoing a different amount of 
deflection as the ply below causing a greater shearing stress between 
adhered plies.  However, as it turned out, a closed-cell foam pad was 
added to the top of the plies of open-celled foam to soften the fall of the 
payloads.  In hindsight, thicker plies of soft foam seemed to work best to 
arrest the fall of payloads.  To finish the configuration, a heavy mil tarp 
was laid on the ground prior to insertion of the foam plies.  Another heavy 
mil tarp was then draped over top and tucked on the sides to allow for 
movement during payload impact.  Other tarp-enveloped plies were 
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payload tip-over.  A full photograph of the final deceleration system 
configuration is presented in Figure 6-14. 
 
 
Figure 6-13: Compiled Stress/Strain Curves for Various 
Open-Celled Foam Types 
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6.4.6 Lift/Retrieval System Design 
Given the fact that the developer decided to create a system with separate 
release and lifting systems, therefore leaving the geometric center of the 
drop tower unavailable for a singular line lifting path, a unique solution had 
to be developed.  In conjunction with Columbia Winch & Hoist, a solution 
was developed such that a singular motor could drive a singular split 
drum, allowing two cables to be spooled onto a single drum, thereby 
ensuring an equal rate of lifting on two points connected to the payload 
frame.  Furthermore, lift lines were intentionally left much longer than 
necessary, in order to allow the lift lines to easily reach down to the floor 
with plenty of slack to account for payload integration into the facility.  
Technical data on the selected hoist, the design of the hoist frame, and 
angles of the sheaves, may be found in Appendix H, the final installation 
of which is shown in Figure 6-15. 
 
 
Figure 6-15: Lifting System 
(featuring custom structure, dual drum hoist with under/over wrapping lift lines, 
custom-designed sheave spacing, and release system attachment point under 
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6.4.7 Facility Design 
The design of the WVU SMiRF took into account its operations from the 
onset of the project, as alluded to in the Requirements and Goals, for both 
short-term (e.g. Goals #2 & #3) and long-term operations (e.g. 
Requirements #3 & #4).  However, safety at the facility is the most 
paramount of the Requirements and Goals and should continue to provide 
the foundation for all operations.  For that purpose, the developer has 
used common sense and precautionary measures to prove the safety of 
the facility thus far, and common sense safety should continue to dictate 
all operations.  Steel-toed footwear is suggested for all on-site operations.  
Ear protection should be used when any use of the hoist is possible.  
Appropriate eyewear should be employed at all times for good measure, 
whether experimentation is being completed or not.  Thick leather gloves 
should be used for facility operations.  Nitrile or latex gloves should be 
used around experiments.  Masks and other appropriate clothing (e.g. 
long sleeves, aprons, etc.) should be used around experimentation when 
necessary.  A hard hat may be necessary for certain ongoing maintenance 
activities (e.g. those activities near the ceiling or in tight spaces).  Above 
all, fall protection should be worn by all facility operators any time 
operators climb above ground level.  New operators should undergo fall 
protection training, how to appropriately employ all personal protective 
equipment (PPE), and for any and all safety precautions, prior to operator 
training for the facility.  Whenever personnel are not on-site, the facility 
should be secured using a key-locked cage that surrounds the base of the 
facility.  Furthermore, to charge the electromagnet, the operator must have 
key-access for power. 
 
Once all safety concerns have been addressed, and operators have been 
properly trained on PPE and facility operations, the facility also comes 
equipped with several other amenities.  To address ongoing maintenance 
of the facility, the WVU SMiRF was designed with common hardware, 
available at most local hardware stores.  Additionally, spare parts of larger 
components that may need replaced or maintained, are currently stored, 
and should remain stored, at the facility.  The facility also provides the 
user with readable diagnostics that include an activation light to indicate 
power to the electromagnet, ambient pressure and temperature at both 
the top and bottom of the tower, and time readouts according to the U.S 
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clock system, incorporating hydrogen masers and mercury ion frequency 
standards. 
 
Lastly, prior to any drop testing, all users must properly ensure that their 
payload is balanced.  For this purpose, the developer has provided a 
balancing boom that hangs off the tower structure at the base of the drop 
tower.  From this boom hangs a cable outfitted with a bolted end 
connection, which affixes through the same hole used to attach the 
payload’s electromagnet interface.  As a bonus, the bolt used to interface 
with the payload is identical to the one used to interface the payload frame 
with the electromagnet interface, thus ensuring a proper interface while 
also balancing the payload.  Once attached to the payload via a bolted 
connection, the conveyance used to transport the payload to the facility 
may be slowly removed from underneath the payload, being careful to 
arrest any swinging motion and stored aside, leaving the payload to hang 
freely.  Two bubble levels are also provided to measure the payload’s 
levelness in two horizontally orthogonal directions.  The levels should be 
moved as far away from the bolted connection as possible, without 
influencing the results of the balancing.  The payload itself may be moved 
around the interior of the supplied payload frame, so long as it can be 
interfaced with the payload frame, without direct damage to the master 
payload frame.  As previously described, a small interface table may also 
affix within the payload frame to provide an interface that may be modified 
at will, whose surface may be replaced appropriately.  If users would 
rather not move their payloads within the provided frame, or if they cannot 
get the payload to balance within the frame, counterweights are also 
provided to the user, to be affixed to a Velcro grid on the bottom interior of 
the payload frame.  If the user decides to use their own frame, balance 
must still be ensured.  Once balancing has been completed, the 
conveyance may again support the weight of the payload, and the 
balancing hardware removed and stored.  Checkouts on the functioning of 
the experiment and general facility inspections should occur prior to facility 
operations.  Experiments may be stored, integrated within the WVU 
SMiRF over the allotted period of research.  A full-length photo of the 
WVU SMiRF with Phillips operating the facility is presented in Figure 6-16, 
while a pre-drop configuration shown in Figure 6-17 presents an internal 
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6.5 Facility Operations 
While the WVU SMiRF was designed such that a single operator can 
operate the facility, requiring minimal overhead for operations, the 
procedures developed for the facility should be followed by any and all 
operators at the facility at all times, while the current procedures may be 
potentially improved upon and documented over time, with safety at the 
forefront.  Although not necessary, it is further suggested that more than 
one person be present at the facility during maintenance and operations.  
The detailed operational procedures are provided in flowcharts located in 
Appendix I. 
During development of the facility, several unforeseen abnormalities 
occurred during operations.  Within the first 10 drop attempts, the 
researcher noticed the payload slipping laterally once interfaced with the 
electromagnet, leading to unstable landings.  Stability tabs were placed on 
the payload’s electromagnet interface to prevent that lateral slipping.  
However, the researcher also discovered that if the payloads are not 
stabilized from even slightly noticeable swinging movements that may 
occur at the top of the tower, that too may result in unstable landings, 
which may only be currently prevented through operator training and 
proper execution.  Furthermore, due to a current lack of funds and the 
hoist manufacturer neglecting to provide in-line turnbuckles, the payloads 
are currently raised in a  tilted orientation due to mismatched line length 
and an over/under spooling method employed by the hoist.  As proven by 
operations thus far, this presents no safety concerns, but is something of 
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6.5.1 Data Analysis Development 
Once a drop test has been completed and the electronic data successfully 
transferred from the payload, the data is ready to be analyzed.  In keeping 
with Goal #9, for the purpose of data analysis, the researcher also 
developed a semi-automated process using commonly available software.  
Using freely downloadable software (from Vernier or proprietarily-provided 
software when using the NI data acquisition system), the software may be 
converted from a proprietary file format into a comma separated value (i.e. 
.csv) format.  Once a .csv file has been generated, it may then be 
imported into spreadsheet software, such as Microsoft Excel or even other 
equivalent free solutions, such as the currently available OpenOffice Calc 
or Google Sheets. 
 
Within a spreadsheet application, the designer has developed a semi-
automated data analysis software.  The software was developed in MS 
Excel, but is also available in other spreadsheet formats.  Within the 
analysis spreadsheet workbook, resides 13 spreadsheets, represented as 
tabs at the bottom of the window: 
 
• Import 
• Raw Data 
• Raw Data Plot 
• Lift & Prep Data 
• Lift & Prep Plot 
• Low-g Data 
• Low-g Plot 
• Impact Data 
• Impact Plot 
• Rebound Data 
• Rebound Plot 
• Recover Data 
• Recover Plot 
 
The latter 10 sheets represent the 5 phases of a drop: 
• Lift & Preparation Phase 
o The phase of lifting the payload from rest on the 
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the payload is connected to the electromagnet and final 
preparation of the payload takes place, until the payload 
is released.  With more advanced electronics, that enable 
faster, more frequent readings, this phase may be broken 
down into 3 sub-phases: 
 
 Lift phase 
• To study the effects and vibrations a more 
sensitive payload may undergo to transport 
the system to the top of the tower.  While it 
is not recommended for heavy payloads, 
smaller, lighter payloads with more 
sensitive equipment may be carefully 
carried to the top of the tower, after 
thorough review and approval. 
 
 Preparation phase 
• To study the effects of handling and 
transferring the load onto the 
electromagnet.  Data may also be taken 
here to study the effect that the 
electromagnet has on equipment and 
payloads.  This also represents a potential 
opportunity for a researcher to log some 
data, prior to drop, in a 1-g environment, 
using the exact same experimental 
configuration as that in the drop phase, 
except for the additional EMI field that may 
be present due to the electromagnet, and 
the potential destabilized motions, thereby 
providing the best opportunity for 
comparison between 1-g and reduced-g 
data. 
 
 Release phase 
• The release phase could be studied for 
vibrational loads and to determine the 
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some drops produce better results based 
on the cleanliness of the release, perhaps 
future modifications could include  coating 
the outside of the magnet and inside of the 
prongs of the crown with a thin film of 
Teflon or low-resistance equivalents. 
 
• Low-g Phase 
o The low-g phase represents the payload in freefall during 
a drop, where gravitational effects are reduced to nearly 
zero-g levels.  In reduced gravity research, this phase 
would represent the phase of interest.  The data in this 
phase represents the quality of the drop and could be 
used to study aerodynamic effects.  Oscillations within 
instrumentation or experimental conditions may also be 
observed in this phase. 
 
• Impact Phase 
o The impact phase represents the downward motion and 
deceleration of the payload within the deceleration 
system.  This phase also could represent an area of 
interest, as an elevated level of gravity could also be of 
interest to the user.  Reduced gravity researchers may 
also want to study the effect of increased gravity to 
emphasize what happens in contrast to a 1-g 
environment.  Other users may want to perform impact 
research.  Those users could potentially replace the 
deceleration system with an equivalent impact surface, 
so long as they can guarantee no damage to permanent 
WVU property.  This phase had to be characterized to 
specify structural loads that must be endured by the 
payload and experimental frames, electronics, and other 
equipment in compression.  The deceleration system 
also had to be characterized as to its effectiveness, 
which could open up other areas of research as far as 
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• Rebound Phase 
o The rebound phase represents the upward motion of the 
payload, once it was fully decelerated, due to the material 
response of the deceleration system springing back to its 
original form.  This could be a phase of interest as well, 
as it represents a negative gravitational load on the 
payload.  This phase also had to be characterized to 
specify structural loads that must be endured by 
payloads in negative compression transitioning into 
tension at the peaks of rebound oscillations.  This phase 
also may be further broken down by repeated 
oscillations, oscillation count, and the loads encountered 
as a payload moves through the various diminishing 
amplitude oscillations. 
 
• Recover Phase 
o The recover phase represents the period after the 
payload has come to what would be considered a 
stable, steady-state resting period, where it has once 
again come to experience a 1-g gravitational load.  
From this phase, the payload may once again be 
recovered and prepared for further subsequent drops.  
During this phase, testing could continue to study the 
effects within a 1-g environment for comparison to 
pre-drop conditions, depending on the levelness of 
the payload as it sets on the deceleration system 
surface. 
 
Based on the observation of the data naturally delineating itself into the 
aforementioned phases, the data could be filtered into those phases and 
analyzed.  Under the Import tab, the .csv could be imported.  The imported 
data would represent the unfiltered raw data.  That data could then be 
copied, by value only, into the Raw Data sheet in the appropriate columns.  
In that way, the raw data could remain untouched and serve as a 
reference point that stays with each analysis for future verification 
purposes.  Furthermore, the Raw Data sheet also has pre-formatted 





Development of the West Virginia University 
Small Microgravity Research Facility (WVU SMiRF) 
Copyright© 2014 
Kyle G. Phillips 
 
 
once data has been copied into it from the import sheet, a plot is 
automatically generated in the following sheet for visual verification.   
 
The conditional formatting serves as a visual filter to aid the user in phase 
determination.  The designer found it prudent for initial analysis and 
phase-breakdown to allow the determination of the various phases to be 
made by the human user, rather than an automated filtering process.  
Initially, this was to the user’s benefit, as the designer came to gain 
experience with phase determination.  Additionally, if a singular filter was 
produced for all users, the resolution of different data acquisition systems 
may lead to different levels of filtering.  Based on extensive experience 
during calibration and initial checkout results, which will be presented later 
in this thesis, the designer arbitrarily determined the g-levels within which 
filters could be applied for conditional formatting, based on the checkout 
data acquisition system results.  Thus, a green cell represents a cell in 
reduced gravity, between the g-levels of ±0.21 g.  A gray cell represents g-
levels greater than or less than 1.2 g to indicate the impact phase.  An 
orange cell represents g-levels of ±0.75 g, indicating all non-1g loads 
outside of low-g and high-g levels.  By assigning priority to each of the 
conditional formats, with the impacts as the highest priority and low-g as 
the second highest priority, the orange cells would only indicate g-levels 
other than non-1-g loads, thereby indicating the instrumentation 
fluctuations on initial release, initial impact, and rebound phases.   
 
With these indicators, the user was more readily able to identify and 
separate phases for analysis.  First, the user must find the cells indicated 
in gray to copy and paste the impact period into its pre-defined data 
section.  Next, the user can copy from the cell immediately time-stamped 
prior to those copied for the impact period, back in time to the point at 
which the payload was released, as indicated by more frequently 
consistent green cells.  The point at which reduced gravity is considered, 
based on input about instrumentation fluctuations and cleanliness of 
release, should be chosen by the user, using best judgment based upon 
gravity levels attributed to the various phases.  All cells prior to those 
chosen for the low-g phase can be allocated for the lift & prep phase.  
Then, the user must specify the cell range for the rebound phase.  This 
phase is also arbitrarily chosen by the user.  This range extends from the 
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oscillations have settled into some average post-impact value near 1 g.  It 
should be noted that the consistent value might not be exactly 1 g, as 
sensors have experienced an impact and may have settled offset from its 
calibrated position.  Hence, sensors should be calibrated prior to every 
drop.  However, once it has been decided that the oscillations have been 
arrested, and values are stable, a cell should be chosen to represent the 
end of the rebound phase.  All data after that cell are then allocated for the 
recover phase, thus completing the data separation into phases. 
 
Once the values have been separated into their pre-allocated areas on the 
raw data sheet, the values for each phase may be copied into individual 
sheets with pre-allocated areas for the appropriately copied data.  Each 
individual phase sheet then automatically statistically analyzes each 
phase to produce the following outputs: 
 
• Mean 
• ± 3 standard deviations and ranges 
o Indicating that 68.27% of values lie within the 1st standard 
deviation range, 95.45% of values lie within the 2nd 
standard deviation range, and that 99.73% of values lie 




• 1st and 3rd quartiles 
• Upper and lower outliers 
o Indicating those values that may be filtered out to give a 
more accurate analysis 
• Frequency and probability tables 
o Defines ranges that are used in histograms and 
probability curves, which may employ increased 
resolution as desired 
• Histogram and probability curves 
o Indicating counts at various levels and the probability that 
a value may fall within a certain range 
 
Once these analyses are completed for each individual drop, they may be 
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drop data collectively.  Additionally, drop times may also be statistically 
analyzed.  Thus, as a more comprehensive dataset evolves, precisions 
are increased, and comparisons are more accurate as additional drops 
are performed.  An example of this analysis, as performed for initial 
checkout operations at WVU SMiRF can be found in Appendix J. 
6.5.2 Calibration Results 
Initially, the preparation flooring outfitted with plies of memory foam was 
raised up to the levels immediately adjacent to the top of the tower, using 
the scaffolding system, in order to test out the payload frame release and 
impact.  Then, the previously described procedure was performed for 5 
calibration drops at increasingly heavy payload weights, ranging from 25 
lbs to 125 lbs in 25 lb increments, in addition to the 60.2 lb. weight of the 
payload frame.  It should be noted that the payload weights presented 
represent the weight of the payload carried within the payload frame, 
excluding the weight of the payload frame itself.  When performing a 
prediction analysis of impact loads and the like, one should be sure to 
include the additional weight of the payload frame.  Each of those drops 
was individually analyzed, and then comparatively and comprehensively 
analyzed to determine any prevailing trends.  The following presents z-
axis acceleration statistical analysis summary tables for each calibration 
drop in order of increasing weight.  Full calibration data sets and graphs 
may be found in Appendix K, while a sample of a calibration data set is 
shown in Table 6-1 and Figure 6-18 through Figure 6-24 for a 25 lb 
payload, while Table 6-2 through Table 6-5 represent the remainder of the 
calibration data summaries.  The drop distance, as measured from the 
bottom of the payload frame to the top of the deceleration pad, is 
approximately 30 feet.  All values are presented in units of g’s unless 
stated otherwise. 
 
The raw calibration data had to be corrected in accordance with the 
procedure described in Appendix I in order to compensate for set up error.  
The corrected data represents the proper orientation of the sensor, using 
global data manipulation, consistent across all data points, without 
manipulation of individual data points or ranges of data.  The instructions 
provided with the checkout data acquisition system were not appropriate 
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associated graph of Figure 6-18 as though 1g was reduced gravity.  
Eventually a pre-drop instrumentation calibration technique was 
developed in order to collect true raw data, by simply orienting the z-axis 
down and calibrating at 1g, while the payload was at rest, while up was 
considered -1g, thereby setting the orientation or the sensor correctly.   
 













-3 SD 0.78 -0.22 -21.28 0.38 0.92 
-2 SD 0.84 -0.12 -11.38 0.57 0.94 
-1 SD 0.91 -0.02 -1.47 0.76 0.96 
Mean 0.97 0.08 8.44 0.94 0.99 
+1 SD 1.04 0.19 18.34 1.13 1.01 
+2 SD 1.10 0.29 28.25 1.31 1.03 
+3 SD 1.17 0.39 38.15 1.50 1.05 
Minimum 0.32 0.00 1.43 -0.16 0.93 
Median 0.98 0.06 8.44 0.98 0.98 
Maximum 1.61 0.53 15.44 1.16 1.05 
 
 





Development of the West Virginia University 
Small Microgravity Research Facility (WVU SMiRF) 
Copyright© 2014 





Figure 6-19: 25 lb. Calibration Drop Lift & Prep Data 
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Figure 6-21: 25 lb. Calibration Impact Data 
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Figure 6-23: 25 lb. Calibration Drop Recover Data 
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-3 SD 0.78 -0.03 -36.30 -0.12 0.94 
-2 SD 0.85 0.00 -22.87 0.21 0.96 
-1 SD 0.93 0.03 -9.43 0.53 0.98 
Mean 1.01 0.06 4.00 0.86 1.00 
+1 SD 1.08 0.09 17.43 1.19 1.02 
+2 SD 1.16 0.13 30.87 1.51 1.04 
+3 SD 1.23 0.16 44.30 1.84 1.06 
Minimum -0.29 -0.01 -8.51 -0.40 0.94 
Median 1.00 0.07 2.31 0.99 1.00 

















-3 SD 0.71 -0.04 10.57 0.33 0.95 
-2 SD 0.81 0.00 15.52 0.52 0.97 
-1 SD 0.90 0.03 20.47 0.72 0.99 
Mean 1.00 0.06 25.42 0.92 1.01 
+1 SD 1.10 0.09 30.37 1.12 1.03 
+2 SD 1.20 0.12 35.32 1.32 1.05 
+3 SD 1.30 0.16 40.27 1.51 1.07 
Minimum -1.19 -0.03 21.92 0.21 0.98 
Median 1.01 0.08 25.42 0.99 1.01 
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-3 SD 0.80 -0.11 1.72 0.40 0.94 
-2 SD 0.86 -0.06 4.67 0.58 0.96 
-1 SD 0.93 -0.01 7.62 0.76 0.98 
Mean 0.99 0.05 10.57 0.94 1.00 
+1 SD 1.06 0.10 13.51 1.12 1.02 
+2 SD 1.12 0.15 16.46 1.30 1.04 
+3 SD 1.18 0.20 19.41 1.48 1.06 
Minimum 0.22 -0.11 8.48 -0.04 0.94 
Median 0.98 0.06 10.57 0.98 1.00 
Maximum 1.41 0.16 12.65 1.23 1.07 
 
 













-3 SD 0.70 -0.12 -73.04 -0.88 - 
-2 SD 0.80 -0.07 -47.26 -0.34 - 
-1 SD 0.90 -0.02 -21.49 0.20 - 
Mean 1.00 0.03 4.29 0.74 - 
+1 SD 1.10 0.08 30.06 1.28 - 
+2 SD 1.20 0.13 55.83 1.82 - 
+3 SD 1.30 0.18 81.61 2.36 - 
Minimum -2.55 -0.12 -13.94 -0.16 - 
Median 1.00 0.03 4.29 0.77 - 
Maximum 2.26 0.13 22.51 2.04 - 
 
Once all of the calibration data was collected and statistically analyzed at 
each individual weight, using the same process as was presented for the 
25 lb. case, those datasets could be combined to gain insight into any 
trends that could be occurring to characterize the facility further.  The plots 
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the range of the third standard deviation of each dataset, as indicated in 
their individual data analyses. 
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Figure 6-27: Compiled Weight vs. Acceleration Impact Data 
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Figure 6-29: Compiled Weight vs. Acceleration Recover 
Data 
Given the presented comparative results, the majority of phases do not 
seem to follow a trend when compared with weight.  However, some, if not 
the majority, of the scatter may be due to checkout instrumentation and 
data acquisition frequency and resolution limitations, as illustrated by 
impact load data.  As previously mentioned, the designer decided to use 
that data acquisition system due to the risk of damaging the primary data 
acquisition system from National Instruments.  It is difficult to determine 
the trend of the impact loads, as related to the payload weight, as the 
memory foam has a non-linear Elastic Modulus.  In fact, the only one that 
may be displaying a trend with respect to weight is the low-g phase.  
According to the data presented here, the low-g data shows a decreasing 
trend toward values approaching zero with heavier payloads.  Although, 
given the ranges of the standard deviations, that remains to be confirmed.  
Additionally, the frequency and resolution of the checkout electronics 
limited the designer from collecting true g-load peaks during impact.  With 
the improvement of operational data acquisition processors and 
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7.0 Experiment/Checkout of Facility 
7.1 Background & Introduction 
Once the WVU SMiRF was constructed, and empty payloads had been 
used for calibration, such that the core systems of the facility were initially 
tested and calibrated, graduate student and his mentor wanted to take an 
additional step to ensure the operations of the facility were known, in order 
to train others to operate the facility on an ongoing basis and to amend 
any unforeseen abnormalities that may arise with full-scale operations.  
The most comprehensive way to accomplish the checkout was to create 
and drop a fully-operational microgravity experiment within the facility to 
produce data.  The process would thereby generate additional insight 
about the Requirements and Goals and their true impact and 
comprehensiveness, as well as to the end-use, regarding everything from 
concept through operation and data analysis. 
 
Several experimental topics were considered for the initial experiment, 
including pool boiling, hydraulic jump, tank sloshing, die swell, Kaye effect, 
viscous fingering, and flame propagation.  Each of these was thought to 
readily exhibit noticeable behavior in microgravity, within the timeframe of 
a drop at WVU SMiRF.  After long consideration of the type of experiment 
desired during the final construction of the WVU SMiRF, the field was 
narrowed to die swell, Kaye effect, and flame propagation.  It was thought 
that flame propagation, while a vital field for research and space 
exploration moving forward, may be too dangerous for initial 
experimentation at the WVU SMiRF, as unforeseen operational unknowns 
may have still been lingering.  The concept then evolved into considering 
a combination of Kaye effect (Figure 7-1), viscous fingering (Figure 7-2), 
die swell (Figure 7-3), and hydraulic jump in a singular package, as 
illustrated in the concept sketch depicted in Figure 7-4 on page 67.  
However, as funding was determined, many aspects of the combined 
approach had to be de-scoped for practicality.  In-line viscous fingering 
may have caused too many technical challenges leading to a prolonged 
experimental timeframe.  Kaye effect’s conditions are such that it was 
thought to be marginal as to whether an entire experiment could be set up 
around that particular phenomenon, when we wished to show that the 
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was thought that if the project evolved in such a way so that it could be 
included, it would be a bonus.  By placing a clear plate beneath a free jet 
exhibiting die swell, however, a hydraulic jump may also be combined 
within the same experimental apparatus.  Initially, it was thought that if two 
experiments could be performed at the initial checkout of the facility, that if 
one failed, for any unforeseen reason, a redundant experiment may 
succeed, hence still accomplishing the intended objective of displaying an 
experiment in microgravity.  The following is a list of the variables that 
could be incorporated into the various phenomena in the combined 
experiment concept: 
 
• Kaye Effect Variables (Figure 7-1) 
o Fluid properties 
o Initial jet shape 
o Initial jet diameter 
o Initial jet flow rate/velocity 
o Free jet flow rate/velocity 
o Free jet diameter 
o Fluid bed depth 
o Fluid bed inclination 
o Height from nozzle exit to fluid bed surface 
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• Viscous Fingering Variables (Figure 7-2) 
o Cell size/shape 
o Cell fluid properties (fluid into which other fluid is injected) 
o Injecting fluid properties 
o Injection flow rate 
o Outlet flow rate 
o Inlet dimensions 
o Inlet shape 
o Quantity of inlets 
o Outlet dimensions 
o Outlet shape 
o Quantity of outlets 
 
  
Figure 7-2: Viscous Fingering [2] [3] 
(Glycerine/ Water -L to R: Original, Processed Images, Edge Detection Analysis) 
 
• Die Swell Variables (Figure 7-3) 
o Fluid properties 
o Pre-experimentation fluid resting time 
o Original container dimensions 
o Upstream flow rate 
o Nozzle flow rate 
o Ejection tube dimensions 
o Ejection tube temperature 
o Nozzle dimensions 
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Figure 7-3: Die Swell [4] 
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Over the past century, many investigators have studied the behavior of the 
circular hydraulic jump (CHJ) under a wide range of conditions, including a 
pair of experiments that were carried out in a reduced gravity environment.  
Study of the circular hydraulic jump in a reduced gravity environment 
remains important in a practical sense, with wide ranging space 
applications, especially in the area of heat rejection in space.  Moreover, 
as with any new technology, it has the potential to influence other 
industries, such as the cooling of aircraft generation coils, materials 
manufacturing processes in space, laser mirrors, etc. [5] Avedisian and 
Zhao (2000).  Previous experiments and analyses have been performed 
by Watson (1964) [6], Liu and Lienhard (1993) [7], Middleman (1995) [8], 
Avedisian and Zhao (2000) [5], and Bush and Aristoff (2003) [9], to name 
a few.  Watson compiled past data from planar hydraulic jump 
experiments and wrote the first significant paper explaining several of the 
governing equations, including the momentum balance, which provides 
the foundation for quantitative understanding concerning the circular 
hydraulic jump [6].  Liu and Lienhard used these foundations and applied 
them to heat transfer cases.  They found that extremely high heat transfer 
occurs upstream of the circular hydraulic jump [7].  Middleman produced 
mathematical models of the circular hydraulic jump, through which he 
successfully compared his results to those of Watson [8] [6].  Avedisian 
and Zhao compiled the aforementioned bodies of work and analyzed the 
equations involved with the circular hydraulic jump, realizing that the jump 
location varies with gravity [5].  With this knowledge, they devised and 
conducted an experiment in a drop tower, under 1.2 seconds of reduced 
gravity.  Finally, Bush and Aristoff further investigated the circular 
hydraulic jump phenomenon by analyzing the role that surface tension 
plays in the circular hydraulic jump [9].  In addition to these previous 
bodies of circular hydraulic jump studies by other researchers, the 2005-
2006 West Virginia University Microgravity Research Team (WVU MRT) 
also developed a circular hydraulic jump experiment that was flown 
aboard the NASA C-9 Weightless Wonder aircraft during July 2006 [10], 
which formed the basis for the WVU MRT’s upgraded circular hydraulic 
jump experiment, under the team lead of Phillips [11] [12] [13].  While the 
hydraulic jump phenomenon was to form the second of 3 experiments, 
occurring upon impact with a clear plate, the first was to occur at the 
nozzle exit as a die swell of a viscoelastic fluid, while Kaye effect would be 
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Viscoelasticity is a fluid behavioral property that is exhibited through fluids 
that undergo both viscous and elastic effects during deformation from a 
resting shape; while rheology, the study of the non-linear viscoelastic flow 
of matter, has been studied as a specific area of research since the early 
1900s [14].  Since then, the collective database of knowledge on various 
viscoelastic materials/substances, those that exhibit both viscous and 
elastic behaviors when acted upon, has continued to grow through 
observation, experimentation, and even application.  Table 7-1 displays a 
high-level of detail about various types of viscoelastic fluids [15] [16]. 
 
Table 7-1: Non-Newtonian Fluid Classification Brief 







combination of viscous 








Constant viscosity, while 
elasticity depends on 





















proportional to stress 









Viscosity proportional to 





proportional to time 





Die swell is a viscoelastic phenomenon that occurs when a dilatant, or 
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“die,” such that the substance expands, or “swells,” downstream of the 
constriction, even while forming and maintaining a free jet at ambient sea 
level conditions.  A wide range of dilatants exhibit die swell when 
subjected to the correct conditions, ranging from simple substances such 
as ketchup, oobleck, and shampoo to complex specially-formulated 
substances to be used for next generation body armor and high 
performance braking systems. 
 
For all of the interesting and observable behaviors that dilatants exhibit, 
and all of the research that is spawned by the interest, there are also real-
world, industrial applications that are inhibited by die swell.  Industries 
ranging from food processing to plastics manufacturing and even the 
human body and various medical fields are affected by die swell and the 
effects of shear-thickening fluids. 
 
Several have attempted to describe the fluid phenomenon, with varied 
disagreement among scientists as to the mathematical model with which 
to describe die swell.  In its most simplistic forms, die swell may be 
described as a function of the constriction through which the fluid is forced 
via a ratio between the entrance and exit diameters, as described by 













 7.1- 1 
 






 7.1 – 2 
 






 7.1 – 3 
 
However, as in more complicated attempts, Koopmans describes die swell 
using the following time-dependent mathematical model [19]: 
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� 7.1 – 5 
where 
 𝛾𝑅 = 𝐽𝑠η0γ̇ 7.1 – 6 
 
 𝐵1(𝑡) = 𝐵1,∞ − �𝐵1,∞ − 𝐵1,0�𝑒
1
ζ1
�  7.1 – 7 
 
 𝐵2(𝑡) = 𝐵2,∞ − �𝐵2,∞ − 𝐵2,0�𝑒
1
ζ2
�  7.1 - 8 
 
The point here is not to criticize or to point to correctness or a “best 
model.”  The point here is to demonstrate the disparate mathematical 
models and the clear disagreement with which the scientific community 
describes die swell.  The researcher here believes that a more sustainable 
approach to the theoretical and empirical method for describing die swell 
and other fluid phenomena must be taken.  
 
To date, very few, if any, have researched the stabilizing effect that gravity 
may have on the phenomenon of die swell [20].  Currently, the 
predominant theory hypothesizes that the normal stresses within a 
viscoelastic fluid attempt to expand the fluid back to the diameter of the 
container from which it was stored, with some variation due to the 
relaxation time of the fluid, thereby suggesting that all viscoelastic fluids 
are at least somewhat time-dependent.  Thus far, surface tension and the 
elastic effects of the fluid have been hypothesized to be the predominant 
forces, with secondary forces attributed to relaxation time, which is still at 
least loosely associated with elasticity and the normal forces.  While 
several references have used those effects to numerically compare 
against experimental results, the researcher has not found any 
experimental data that attempts to study die swell in a reduced gravity 
environment.  By studying a fluid phenomenon in a reduced gravity 
environment, both the effect of gravity can be studied and the predominant 
forces acting on the fluid can be concluded.  Therefore, the researcher 
has decided to make the attempt of studying die swell in a reduced gravity 
environment the primary topic of experimental focus, thereby contributing 
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Additionally, the researcher has taken an alternative approach to 
describing the behavior of a viscoelastic fluid particle using the viscous 
Navier-Stokes Equations.  Furthermore, using the fact that all substances 
are the same at a fundamental level (i.e. the level of particle physics, such 
as quarks), and are only differentiated as a categorization at more macro 
levels, the researcher has chosen to employ solid mechanics with fluid 
mechanics by attempting to incorporate Hooke’s Law with the Navier-
Stokes equations to describe all fluid flow, including that of viscoelastic 
fluids.  A relatively long derivation with several assumptions was 




































(7.1 – 9) 
 
The primary point of discussion here is not that the derivation is all-
inclusive for any non-Newtonian fluid, but to simply point to the fact that 
the scientific community, especially those related to the fluid sciences, 
should be attempting to describe fluid behavior into a predominant 
mathematical model, whenever possible.  A discussion should commence 
to include non-Newtonian effects into the Navier-Stokes equations.  The 
researcher here believes that Newtonian fluids are a special subset of 
fluids that exhibit so little non-Newtonian effects under most conditions 
that the assumption can be made that they exhibit no non-Newtonian 
behavior, whereas the majority of fluids exhibit at a minimum a small 
amount of non-Newtonian behavior.  As more fluid behaviors are 
observed, the fluid mechanics community should continue to strive toward 
an inclusive mathematical model to attempt to describe the universal 
behavior of fluids – a unified theory of fluid mechanics, and to consider 
many of the effects that surround us as a matter of fluid flow – whether 
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7.2 Experiment Description 
To perform a full-scale checkout of the WVU SMiRF and to test the 
proposed hypothesis, the developer set forth to design and develop an 
experimental apparatus that would primarily test and demonstrate die 
swell, while secondarily testing and demonstrating the circular hydraulic 
jump.  Meanwhile, continuous collection of drop data could prove the 
performance characteristics of the WVU SMiRF for use by future users 
and researchers.  Based upon both budget and schedule, the scope of the 
checkout experiment would have to remain relatively modest, while 
continuing to advance the field and maintain the true spirit of scientific 
research.  To that end, the bulk of the budget would be equally invested 
into non-expendables, such as the experimental structure and electronics 
– both of which could be used in future research, and into expendables – 
hardware such as tubing, orifices, fittings, etc. 
 
The first aspect to be designed was the general flow path, which had to be 
designed to operate in isolation during the drop.  Thus, the general flow 
path was developed from the initial concept presented in the previously 
presented Figure 7-4, omitting the viscous fingering section of the 
experiment.  Thus, a 48 in3 air tank outfitted with a 3000 psi Myth 
Regulator from Guerilla Air would be controlled by both a brass, hand-
loaded 0-500 psi downstream pressure regulator and a Stainless Steel 20-
turn precision needle valve, with a Cv of 0.08 and orifice diameter of 
0.063”, while being measured by both a 0-10 scfm and a 0-25 scfm 
flowmeter.  After the gaseous control section of the flow path, the fluid 
supply section would allow for removal and replacement of the working 
fluid of choice.  Downstream of the fluid supply section, would be a short 
section to form the entrance to the orifice nozzles, ranging in size from 
0.016” to 0.125”, which would be the point of focus for the die swell 
experiment.  After the free jet had formed, downstream would be a 
transparent plate, surrounded by gutters to collect spent fluid. 
 
In order to operate the experiment such that it could be reused for multiple 
drops, a sufficiently strong experiment frame had to be designed and 
constructed.  So as not to spend much time on the technical design of the 
frame, it would be over-designed and constructed from 1”x1” square 
aluminum tubing.  Half of the volume of the frame would be dedicated to 
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other half of the experiment frame’s volume would be dedicated to 
hardware, gauges, and stowage of the air tank.  A shelf would be 
constructed along with a padded stowage cylinder for the air tank.  A sub-
shelf would be constructed to serve as a panel for the gauges.  The test 
section would feature a cubic volume that extended up into the test 
section to form the raised plate.  Once enclosed with Plexiglas, that 
volume could house a video camera to record the radius of the hydraulic 
jump for later analysis and measurement.  The top half of the test section 
would include vertical rails to adjust the height of the nozzle, while 
horizontal rails would allow for the stabilization of the nozzle during a drop.  
Mounted to the top rail on the same side as the gauges, over the test 
section would be mounted two Israeli arms to hang two Nikon Coolpix 
P310 point and shoot cameras to record the experiment.  The right hand 
camera was used for macro video observation of the nozzle exit, nearly at 
full optical zoom with frame rate of 120 fps at a resolution of 640 x 480 
pixels, while the left hand camera was used for full test chamber viewing 
with no zoom, but the same settings otherwise.  Additionally, the 
researcher attempted the use of a 3D GoPro Hero 2 system, which was 
abandoned due to the fish eye lens and the distortion it caused when 
viewing the experiment.  ISO-B Zinc-Plated hose coupling plugs and 
associated sleeve-lock socket quick disconnect fittings would be used 
upstream of the entrance section to the nozzle, where needed, while the 
entrance section would employ an NPT fitting in order to ensure a uniform 
fluid flow profile.  Due to a lack of correct check valve sizing, the check 
valve would eventually be removed.  Full photos of both a front and back 
view of the experiment apparatus are presented in Figure 7-5 and Figure 
7-6, while a rough bill of materials may be observed in Appendix M. 
 
The researcher chose glycerine, and later polypropylene glycol as the 
working fluid in the experiment.  Neither fluid was as relatively susceptible 
to commercial alteration, as ketchup and mustard would both be 
inconsistently produced by different vendors.  At the time, glycerine was 
thought to be a shear-thickening fluid that was readily available, 
affordable, and widely used throughout industrial and other applications.  
Polypropylene glycol would also be a commercially/industrially-produced 
fluid with consistent properties, also considered a shear-thickening fluid in 
wide use by industry.  Polypropylene glycol would serve as the better 
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Figure 7-5: Die Swell Experimental Payload (Front View) 
 
Figure 7-6: Die Swell Experimental Payload (Back View) 
7.3 Experiment/Facility Checkout Operations 
Once the fully-developed experiment was installed onto the frame, and the 
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checkouts had to be performed on the experiment, prior to integration into 
the WVU SMiRF.  The air tank’s preparations and operations both had to 
be determined prior to integration and operations, and even additional 
equipment had to be procured for these purposes (i.e. a mobile air 
compressor, custom air lines, etc.).  The gauges, pressure regulator, 
needle valve, and quick disconnect fittings were checked using a 
pressurized tank and cycling the fittings.  Full system dry runs (using air) 
and wet runs (using water) were also lab-tested.  The working fluids, 
glycol-water mixtures, were then tested multiple times, adjusting both 
pressure, via the regulator, and flow, via the valve.  Once the system was 
optimized for operation, it was loaded onto a cart and transported to the 
WVU SMiRF. 
 
Once the system was at the WVU SMiRF, the specified pre-operations 
checkouts had to be performed, prior to integration into the facility, in 
accordance with Appendix I.  First, all hardware was connected to the 
system, including cameras, lighting, the air tank, and a container of test 
fluid.  Once the experiment had been pre-assembled in an operational 
configuration, the experiment had to be balanced, using the WVU SMiRF 
balancing boom.  The balancing cable was connected through the 
appropriate hole at the center of the top C-channel of the payload frame, 
and the cart was removed, allowing the payload to hang freely.  The 
bubble levels were placed orthogonally toward the top edges of the 
payload frame, and laid on their sides.  The diagonal levels were used to 
obtain a true level.  The experiment was spatially adjusted within the 
payload frame to obtain a true balance in both directions.  Once the 
experiment was secured to the payload frame, the cart was placed 
underneath the payload, and the balancing cable was removed. 
 
Once the payload was ready to be integrated into the facility, the payload 
was placed in front of the deceleration system and sensitive components 
were removed.  The lifting lines were lowered to extend passed the 
deceleration system down to be connected to the payload frame.  Once 
the lines were securely hooked onto the payload frame, using two people 
(one operating the hoist, and one guiding the payload), the payload was 
carefully and slowly guided up onto the deceleration pad.  Once there, the 
person at the bottom of the tower cleared the area and stowed the 
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from the deceleration system’s surface.  The temporary tower preparation 
surface (TTPS) was replaced, and the payload lowered onto the 
temporary floor, consisting of flooring panels that attach to the scaffolding, 
supplied by the scaffold manufacturer, as shown in Figure 7-7.  Once the 
payload was stable on the surface, the payload’s electromagnet interface, 
also known as the “crown,” was attached, and its surface cleaned with 
acetone.  Sensitive components removed prior to integration were 
replaced to finish the integration process.  At this point, the operator could 
either proceed with drop testing, or temporarily store the experiment in 
place, by covering the experiment with black cotton sheets. 
 
 
Figure 7-7: Loaded Payload Sitting on Temporary Tower 
Preparation Surface (TTPS) Above Deceleration System 
Once the experiment was integrated into the facility, experimental 
operations could begin.  First, the electromagnet was energized via key 
toggle on the red button at the bottom of the facility.  The air tank was 
pressurized with an onsite portable compressor.  The checkout 
accelerometers and data logger were attached to the payload frame and 
integrated into the protective data logging box, and the accelerometers 
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lighting were activated and focused on the die swell experiment orifice 
nozzle. 
 
Once the experiment was prepared for test, the operator raised the 
payload 5 feet, removed the TTPS, and lowered the payload onto the 
deceleration system.  Once there, the data logger was started and 
secured.  The operator disconnected and retrieved the air tank from the air 
compressor, walked to the top of the tower and lifted the payload to the 
top of the tower using the lifting system.  Once the payload was at the top, 
the electromagnet was attached, the load transferred onto the 
electromagnet, and the payload lowered until it was hanging on the 
magnet.  However, the hoist lines were left attached to the payload as a 
safety precaution, until the payload is ready to drop.  At this point, the air 
tank was attached, the cameras were refocused and began recording.  
The lift lines were removed, the payload carefully stabilized by hand, and 
the pressure regulator turned to the pre-determined position to start 
flowing fluid at the pre-determined flow rate.  A countdown was performed 
and the payload was released by turning power off to the magnet via a 
switch at the top of the tower. 
 
A little over one second later, the payload touched down on the 
deceleration pad, and the payload was then stabilized by the operator by 
deactivating electronics and closing the pressure regulator.  The lift lines 
were lowered and reattached to the payload frame, the payload was 
raised back up above the temporary preparation surface level, and the 
TTPS was replaced.  The payload was then lowered back onto the TTPS, 
where the operator retrieved the electronic data, removed the air tank, 
removed the fluid container, and cleaned up any stray fluid.  Once this 
was complete, the experiment could be prepared for the next drop.  A new 
nozzle could be replaced, a new fluid container inserted, and the process 
was repeated for the number of tests required to characterize the facility. 
7.4 Results 
Once the experimental checkout was complete, after more than 20 drops, 
the data was collected and compiled to determine both acceleration 
repeatability results and die swell experimental results.  Due to budgetary 
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project.  Therefore, other than accelerometer data, the die swell 
experiment was a highly qualitative design.  However, despite visual data 
being the primary data, the researcher attempted to use pre-programmed 
visual analysis software, provided by Fiji, known as ImageJ. 
 
Using the ImageJ software, which was originally developed as open 
source software for the medical community to compile and analyze digital 
CT scan slices, high-speed video from camera footage, provided by the 
Nikon CoolPix P310 cameras at 120 fps, could be quantitatively analyzed.  
Once the post-drop data was retrieved from the cameras, the video data 
then had to be converted from its native format assigned to it by the 
cameras to the .avi format, using Any Video Converter, a free video file 
conversion software package.  Once in the .avi format, the video could 
then be imported into Fiji’s version of ImageJ.  From there, the Fiji 
software could convert the .avi into an image sequence, based on the 
individual frames of the video file.  From there, the entire image sequence 
could be batch-processed together.  For example, if one wished to 
sharpen the image on each frame in the sequence, that request would be 
processed on all of the individual frame images simultaneously.  
Furthermore, the Fiji software also has an edge-finding algorithm that can 
be batch-processed.  Once the edge detection algorithm has been run, Fiji 
has a built-in measuring function that may be used to determine the 
intensity of lines, and thereby determine a pixel count between edges.  
Using that method, it was thought that the presence and width of die swell 
could be quantitatively measured and subsequently statistically analyzed.  
The process results are demonstrated in Figure 7-8 through Figure 7-10. 
 
 
Figure 7-8: Example Image Sequence as Generated from a 
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Figure 7-10: Pixel Measurement Applied to Edge-Generated 
Image Sequence 
However, after the analysis of several drops worth of datasets with various 
test configurations, no appreciable difference was found in the exit jet 
diameter at the nozzle exit.  It is believed that the die swell phenomenon 
did occur, especially with polypropylene glycol as the working fluid, but 
could not be recognized by the software due to the physical configuration 
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may have been occurring) and a relatively low video resolution of the 
cameras at the high-speed setting.  However, without the high-speed 
camera setting, a sufficient data set could not have been collected.  The 
resultant uncertainty of the resolution, coupled with the designed physical 
distance from the nozzle exit, may have resulted in such large 
measurement uncertainty that it may not have yielded accurate results, 
even if the phenomenon had been observed.  In retrospect, given the 
obtained experience, the researcher would recommend a different design, 
different electronics, or both, as the optics were the primary limiting factor 
to the experiment uncertainty and thus the experiment’s primary objective.  
With that said, the experiment successfully operated and gave the 
developer an opportunity to fully test the operations of the developed 
facility. 
 
Several lessons were learned while operating the facility.  The inclusion of 
the TTPS was a direct result of full-scale testing, as was the payload 
interface plate crown modification.  Even an unforeseen positive safety 
aspect of the tower was noticed when each drop causes the outer 
secondary pad of the deceleration system to tip over onto the floor to 
prevent even a stray payload from damaging the site.  Techniques used to 
shield and cushion the data logger also stemmed from full-scale testing.  
Operational techniques will have to be included during future training, 
especially that of determining when the payload is stable enough to drop, 
so as to get a smooth, repeatable landing each drop. 
 
Additionally, further compilation of accelerometer data was produced to 
determine repeatability characterization of the WVU SMiRF.  A total of 22 
drops were performed during checkout testing.  If well prepared, a single 
person could drop this particular experiment 6 times per day, with an 
average period between drops of approximately 1 hour and 15 minutes.  
However, the turnaround time is more a function of the turnaround time of 
a particular experiment, rather than the facility.  For example, if an 
experiment could run continuously for the entire day, dropping and 
retrieving would be a matter of minutes, potentially as low as 10 minutes 
or less, without having to prepare for each drop.   
 
Once it was determined that the experiment had collected sufficient 
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sufficient experience developed to determine the performance 
characteristics and operations of the facility, the data was compiled using 
the same process as that used to analyze the calibration data, and 
statistically analyzed drop test data was generated.  As the data 
generated would create too long of a section to present here, only the 
compiled data comparing the 22 drops will be presented, while individual 
drop data will be documented in Appendix J. 
 
A comparison dataset was generated in order to determine the 
repeatability characteristics of the facility.  To create such a dataset, the 
same spreadsheet software that was developed for individual drops was 
employed.  However, in this case, the researcher had to also note the 
drop number for reference.  These data were sequentially compiled in the 
raw data sheet of the analysis software by drop phase.  Each phase was 
then copied into the appropriate area of each phase’s analysis sheet.  In 
doing so, the statistical analysis section for each phase acted on the entire 
compilation of data to form a statistical analysis for each phase.  
Additionally, for the low-g data, drop times were extracted.  The following 
presents the collective repeatability data categorized by phase. 
 
Based on the results presented in Table 7-2, the results seem favorable to 
the Goals set forth at the beginning of the project.  Drop times average 
well over 1.0s as documented in Appendix J.  Drop quality seems 
sufficient, given the relatively low resolution of the checkout 
instrumentation, as further evidenced by the comparison against the 
conceptual analysis, presented in Figure 7-11 and Figure 7-12, based on 
actual drop times and heights.  Impact data indicate that payload should 
be able to withstand a peak impact load of more than 42g, as indicated by 
the 3rd standard deviation, or be supplemented by secondary dampening, 
as illustrated by the technique used to protect the checkout data 
acquisition system.  The rebound phase does not seem to put too much 
force on rebounding payloads.  Lift and Recover phases also indicate a 
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-3 SD 0.91 -0.20 -21.69 -0.12 0.94 1.24 
-2 SD 0.93 -0.11 -10.96 0.20 0.96 1.25 
-1 SD 0.96 -0.02 -0.22 0.53 0.98 1.26 
Mean 0.99 0.06 10.52 0.86 0.99 1.26 
+1 SD 1.02 0.15 21.25 1.19 1.01 1.27 
+2 SD 1.04 0.24 31.99 1.51 1.03 1.28 
+3 SD 1.07 0.33 42.72 1.84 1.04 1.28 
Minimum -2.93 -0.93 -36.87 -3.08 -2.28 1.18 
Median 0.99 0.07 10.24 0.97 1.00 1.26 





Figure 7-11: Actual Drop Time Comparison with 
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Figure 7-12: Calculated Actual Payload Velocity 
Comparison with Conceptual Design Analysis 
7.5 Experiment Summary & Conclusions 
Despite showing promise during prototyping and even during initial lab 
optimization, the die swell experiment did not quite deliver the desired 
scientific results.  The primary shortcoming of the experiment was the 
design of the physical optics setup for the imaging and video subsystem.  
The equipment available within the budget just could not match the 
performance needed to maintain the necessary resolution at the speed 
required to obtain meaningful data during the 1.2s drop times.  As the 
optics served as the primary source of data collection, the lack of 
resolution at high speed, coupled with the physical distance from the 
nozzle and a potentially inconsistent optical zoom distance, prevented 
optical data with sufficient resolution from being acquired and analyzed.  
Furthermore, more analysis should be put forth toward the process system 
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However, regardless of the fact that scientific results fell short of 
expectations, many scientific endeavors serve to guide engineering 
endeavors to improve on the equipment used for those endeavors.  A 
process has been established for affordably analyzing visual data for 
future research.  A flow path was developed that has successfully 
performed within the conditions provided by the WVU SMiRF, which may 
also be used and improved upon for future research.  With a better 
physical and optical design, the same affordable cameras could be used 
for future research.  Furthermore, it was proven that such electronics 
could survive the drops within the WVU SMiRF.  With the aforementioned 
being tested, an experiment has been successfully operated within the 
WVU SMiRF, which stands ready for a variety of future full-scale use. 
7.6 Suggestions for Future Research 
Several improvements could be made to both the experiment itself and the 
apparatus used.  If the budget had allowed and potential student discounts 
employed, an 80/20-like frame could have been used in place of the 
tubular aluminum frame.  If an 80/20-like frame, such as T-Slots, had been 
used, adjustments could have been made more easily to correct for the 
physical disparity between the capabilities of the cameras and the 
distance to the nozzle.  The designer had considered such a frame so as 
to provide future users with the option of an experiment frame, but could 
not afford such a system within the budget.  The low mass of the cameras 
used was most likely to the benefit of their functioning during repeated 
impacts and would be chosen again in the future.  With additional labor 
resources or a longer schedule, an improved flow path could have been 
designed, prototyped, and refined to tune the system with upgraded 
components.  However, the budget did not allow for a longer timeline.  
With this experiment as a baseline, future experiments can improve upon 
the parts used.  The air tanks used did not show any signs of fatigue, and 
the stowage method for drops worked well, as did the reinforcement for 
the data logger.  In retrospect, the researcher would have finished the 
necessary provisions for the secondary Kaye effect or hydraulic jump 
experiment, increasing redundancy and the odds for successful scientific 
results.  More emphasis would have been placed on a high-pressure 
supply with a larger volume to provide a more consistent ongoing pressure 
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Furthermore, despite the mass-produced fluid container designed for 
quick turnaround times, the researcher would have included even more 
features to reduce turnaround times for scheduling efficiency, which 
should be taken into account by future designers.  Lastly, more time and 
budget should have been allocated for prototyping and experiment 
refinement prior to testing.  Future users should account for such things 
and fine-tune experiments prior to drop tests to save time and potential 
frustration during execution.  Proper orientation and training at the WVU 
SMiRF, prior to experiment design, could help those future users who 
could afford such a visitation, more appropriately design experimental 
apparatuses with such insight. 
8.0 Facility Summary & Conclusions 
Regardless of experimental scientific results, the primary mission of 
developing a reduced gravity research facility, meeting the Requirements 
and Goals set forth, was very successful.  A comparison amongst various 
modern era drop towers may be surveyed in Appendix O, while the 
budgetary model is summarized in Appendix N. 
8.1 Requirements 
1. Ensure personnel safety throughout all levels of the project 
• Validation: No personnel were injured during the 
development of the WVU SMiRF. 
 
2. Keep end-user safety paramount throughout the design 
• Validation: The WVU SMiRF has been successfully 
operated without incident during drop test sessions. 
 
3. Provide a system with long-term reliability 
• Validation: Including calibration testing, initial operations 
occurred consistently from July 2012 – January 2014.  
Only time can prove future reliability, but most systematic 
problems should have occurred during initial operations, 
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4. Provide a system that requires very infrequent maintenance 
• Validation: Since initial operations have started, no 
maintenance has been required, and very little, if any, 
deterioration of the facility has been observed. 
 
5. Provide a system that can be upgraded over time 
• Validation: As is noted in the following section and in 
previous sections, the system has been designed for 
simplicity and extensibility. 
 
6. Provide a system as inexpensively as possible 
• Validation: A reduced gravity research facility was 
developed for less than the price of a luxury sedan or 
most research-grade experiments that may involve travel 
to such facilities. 
8.2 Goals 
1. The facility should be OSHA-certified to ensure safety 
• Validation: West Virginia University Safety & Health was 
included from the design phase of the project.  The 
facility has been constructed so as to comply with OSHA 
regulations.  Proper egress has been designed into the 
system.  Proper distance between the facility and pre-
established fire pulls was established.  Lastly, access to 
all pre-existing building amenities has been maintained. 
 
2. Design the facility such that it may be operated by a single person 
• Validation: Over the period during calibration and initial 
operations, the facility has been operated by a single 
operator, the developer. 
 
3. Design the facility with quick turnaround times 
• Validation: As previously noted, facility turnaround times 
are primarily a function of experiment turnaround times.  
Even if the experiment has a zero-second turnaround 
time, the facility can perform with a turnaround time of 
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4. Provide common hardware and setup facilities for users 
• Validation: A common procedure of preparing payloads 
via the balancing boom, interface preparation guidelines, 
and facility capabilities was developed. 
 
5. Provide a tower tall enough to meet or exceed 1 second of drop 
time 
• Validation: Average drop times exceed 1.2s. 
 
6. Provide a facility that meets or exceeds experiment weight 
allowances on ZeroG flight from NASA JSC 
• Validation: Weight allowances for the WVU SMiRF are 
designed to be set at 300 lbs, meeting those limits set by 
NASA for parabolic flight.  Thus far, the maximum 
payload weight that has been dropped is 225 lbs. 
 
7. Provide a facility and method that allows for near maximum payload 
stability prior to drop 
• Validation: Modifications were made to produce the 
payload stabilization crown that prevents electromagnetic 
slip.  Further training to operators, based on initial 
experience will be provided to ensure maximum payload 
stability prior to drop. 
 
8. Provide a facility with impact loads as low as possible 
• Validation: Average impact loads were maintained below 
50g at a 113.8 lb payload weight. 
 
9. Provide a facility that supports an affordable experience for the 
end-user 
• Validation: The end-user shall be provided with 
opportunities to employ an existing payload frame, data 
acquisition capabilities, and data analysis software, all of 
which can prove to be very expensive and time-
consuming to develop.  The user needs nothing more 
than to develop their experiment and purchase sensors, 
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potentially control software.  Essentially, the facility is 
nearly plug-and-play. 
 
10. Create a website for the facility 
• Validation: A sitemap has been developed, as presented 
in Appendix P, to provide a skeleton for a future website 
development effort. 
 
11. Provide end-users web-based access to the facility and data 
• Validation: This goal has not yet been addressed and 
remains for future upgrades and development efforts. 
 
12. Create PR and marketing material to market to as many entities at 
the University, surrounding industry, and via the internet 
• Validation: Upon completion of this thesis, Phillips will 
have the time and latitude to complete PR materials for 
distribution. 
 
As noted here, all of the Requirements and Goals, with the exception of 
one Goal, have been successfully accomplished within the current effort.  
Furthermore, a new reduced gravity facility has been provided that offers a 
model for future low-budget drop tower development efforts, and an 
affordable experience for end-users, with world-class capabilities, as 
shown in the comparison in Appendix O.  The WVU SMiRF provides a 
drop duration within the top 10 of drop towers worldwide.  Gravitational 
accelerations average 0.06g over the drop period.  Peak decelerations 
average less than 50g, at the current payload weight of 113.8 lbs.  While 
the original design for the payload frame was 6,000 lbs at 10g, and 
payloads are exhibiting much higher g-loads, thereby reducing the FoS 
from the originally expected FoS of 20 down to a FoS of 5 or less.  The 
payload frame should continue to be monitored, or steps should be taken 
to modify the deceleration pad to reduce the impact g-loads.  Payload 
weights of 300 lbs and payload footprint dimensions of nearly 7 ft x 5 ft 
can be accommodated, amongst the largest in facilities of its size.  
Perhaps most importantly, the WVU SMiRF readily provides access to 
reduced gravity research to even those researchers with low budgets, 
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8.3 Suggestions for Future Research / Facility 
Improvements 
Table 8-1 provides a checklist of current thoughts for future upgrades and 
development efforts for the WVU SMiRF: 
 
Table 8-1: Facility Improvement Checklist2 
Status 
( / X ) Priority Type Task 
 1 UI Provide facility-dedicated fall protection 
 2 UI Provide facility dedicated ear protection 
 3 UI Provide facility-dedicated respiratory protection 
 4 UI Provide facility-dedicated eye protection 
 5 UI Provide facility-dedicated hard hats 
 6 UI Provide facility-dedicated hand protection 
 7 UI Provide facility-dedicated foot protection 
 8 UI Improve hand rail stability 
 9 UI Improve top floor access door 
 10 UI Finish off and enhance electrical outlets at top and bottom of tower 
 11 UI Cap off and lock-out/tag-out unused on-site building outlets 
 12 UI 
Ground WVU SMiRF structure to reduce 
attraction of coal dust from other 
experimental work performed in the high-
bay area in which the drop tower is located 
 13 UI Create air-tight electromagnet cover to prevent corrosion on EM face 
2 Legend: 
• UI = Urgent Improvement • FFU = Future Facility Upgrade 
• SATR = Second Article Test 
Requirement 
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 14 UI Create air-tight crown cover to prevent corrosion on payload interface crown 
 15 UI Provide facility-dedicated, appropriately-rated chemical storage cabinet 
 16 UI 
Provide facility-dedicated enclosed storage 
cabinets for facility-based components, 
tools, and maintenance supplies 
 17 UI Provide facility-dedicated work surfaces and desk 
 18 UI Provide facility-dedicated enclosed storage for in-tower and upcoming experiment use 
 19 UI Provide computers and data acquisition hookups for on-site analysis 
 20 SATR Implement NI DAQ, outfitted with high-precision accelerometers 
 21 SATR 
Repeat WVU SMiRF calibrations for more 
accurate calibration results, thereby 
documenting more accurate low-g and 
impact accelerations 
 22 SATR 
Calculate and graph the variable drag 
coefficient, based on more accurate 
accelerometer data, and include in 
comprehensive data analysis sheets 
 23 SATR 
Experimental payload frame g-load testing 
can be performed at the facility by 
overloading payload weight 
 24 FFU Potentially paint floor (blue) to reduce dust 
 25 FFU Attach Plexiglas (or similar) walls to facility cage to prevent coal dust transference 
 26 FFU Provide shoe sticky pads on floor outside of facility cage door 
 27 FFU Build a standardized lifting cart for transporting payloads to the facility 
 28 FFU 
Potential reduction and modification of 
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 29 FFU 
Create video mounting points for on-site 
video recording (on WVU SMiRF and 
throughout high-bay area) 
 30 FFU 
Create a black and white background to 
facility to measure payload speeds via 
video 
 31 FFU Enclose drop tower via clear walls to prevent any cross-breeze or wind 
 32 FFU Re-rig electromagnet to reduce release system support line length 
 33 FFU 
Implement a drag shield solution for 
payload to improve the quality of reduced 
gravity levels 
 34 FFU 
Potentially fully enclose facility with clear 
walls for pumped evacuation and upgrade 
facility components as necessary (e.g. 
foam and vacuum don’t mix) 
 35 FFU Provide some climate control for summer heat (e.g. fans, etc.) 
 36 FFU 
Provide student morale measures – radio 
and/or speakers capable of being hooked 
up to web, refrigerator, etc. (make WVU 
SMiRF a place that people enjoy doing 
research) 
 37 FFU Building enhancement: Updated air filter for high-bay room 
 38 FCSU Provide online scheduling, etc. (see website suggestions) 
 39 FCSU 
Develop web-based applications and 
remote access to tower for remote 
experimentation and real-time 
monitoring/operations 
 40 FFU 
Create video mounting points for remote 
monitoring and payload monitoring 
throughout facility and building 
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11.0 Appendix A 
A Historical Compilation of the Drop Tower 
 
 
Appendix A: A Historical Compilation of the Drop Tower presents the 
chronological history, from 1575 through 2014, of the evolution of the 
tower as a scientific and engineering tool.  Based on the Kyle Phillips’ 
extensive research, to his knowledge, this history is comprehensive to the 
date of publication.  The intent was to historically document the evolution 
of the drop tower, thereby learning from past lessons for the purpose of 
the current effort, and to provide a reference for those to come on that 
history.  We may learn from our history, both strengths and weaknesses, 
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1575 Girolamo Borro, a philosophy teacher in Pisa, Italy, 
dropped wooden and lead balls from the highest 
window of his house, incorrectly concluding that the 
wooden ball reaches the ground faster, because it was 
thought at the time that air was a "heavy" element, and 
the wood sphere contained more air than the lead 
sphere [21] 
 
1576 Giuseppe Moletti, a mathematics professor in Padua, 
Italy, releases experiments similar to Borro's in 1575 
from a high tower, but correctly observed that the two 
differing spheres reach the ground simultaneously [21] 
 
1586 Simon Stevin and Hugo Grotius' Father performed a 
recorded and peer-reviewed falling bodies experiment 
at the New Church in Delft, dropping lead and wood 
spheres in separate experiments (2 lead balls, one 
10x heavier than the other, as well as one wood and 
one lead ball of the same size) from a height of 30 ft., 
and concluded that no matter what the experimental 
constraints, the balls landed at the same time after 
hearing only one, simultaneous impact [21] [22] [23] 
 
Circa 1589 According to the famous legend, Galileo performed a 
peer-reviewed falling bodies experiment at the Tower 
of Pisa, similar to the one performed by Stevin.  
Galileo, just as Stevin did, went on to legitimately 
perform recorded inclined plane experiments and 
"thought experiments," which were later recognized as 
revolutionary by both Newton and Einstein, and were 
central to their mathematical formulations of gravity 
[21] [24] [25] [26] [27] [28] 
 
1589 - 1782 During this period, it is assumed here that various 
other free falling body and inclined plane experiments 
were carried out from the windows of buildings, church 
towers, and other locations to confirm and advance 
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1782 William Watts created the first shot tower by building a 
large, very tall addition onto his house, pouring lead 
through a sieve, and allowing the molten lead to drop 
the full length of his new addition in Redcliffe, Bristol, 
UK.  During the length of the drop, the molten lead 
assumes the shape with the least amount of tensile 
stress, a sphere, and cools during the drop to a point 
at which the surface of the lead balls has cooled 
enough to keep its spherical shape when dropped into 
a water basin, where the spherical lead balls finish 
cooling.  These lead balls were then used as lead shot 
for military ammunition [29] [30] [31] [32] [33] [34] 
 
Circa 1790s Jackson Ferry Shot Tower was built in Wythe County, 
VA by John Robinson and William Byrd III, while 
designed by William Herbert, a Welshman employed 
by William Watts - the original inventor and patentee 
of the shot tower, after being recruited by Col. John 
Chiswell to protect the lead mines owned by 
Robinson, Byrd, and Moses Austin, father of Stephen 
F. Austin.  The mines and the shot tower later 
provided lead and shot for the Revolutionary and Civil 
Wars and is now the centerpiece of Shot Tower 
Historical State Park [30] [33] [34] [35] [36] 
 
Circa 1798 - 1819 Potosi Shot Tower was built in Potosi, Missouri, most 
likely by Moses Austin's group [36] [37] 
 
1799 Walker Parker & Co. created a shot tower in Chester 
City, UK to produce lead shot for the Napoleonic wars 
[30] [32] [33] 
 
1808 Sparks Shot Tower was built in Philadelphia, PA to 
produce shot for hunters, and later provided shot for 
the War of 1812 and the Civil War.  It was operated 
until 1903 and was later bought by the city of 
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1826 Lambeth Lead Works, operated by Thomas Maltby & 
Co. constructed the Lambeth Shot Tower on the South 
Bank of the River Thames in London, England for 
making large and small shot.  It produced shot until 
1949 and was later used for the Festival in Britain in 
1951, and then destroyed to make room for Queen 
Elizabeth Hall [39] [40] [41] [42] 
 
1828 Phoenix Shot Tower (AKA Merchants' Shot Tower, or 
Old Baltimore Shot Tower) was built by Jacob Wolfe 
for the Merchant's Shot Tower Co., and its 
cornerstone laid by Charles Carroll, a signer of the 
Declaration of Independence.  It remained the tallest 
building in the US until the Trinity Church in New York 
was built in 1846, and produced shot until 1892, and is 
now owned by the city of Baltimore [43] [44] 
 
1833 Daniel Whitney built a shot tower near Spring Green, 
Wisconsin that operated until 1860, and later became 
a summer resort, run by Frank Lloyd Wright's father, 
and is currently Tower Hill State Park [30] [45] [46] 
 
Circa 1843 Charles Loveland Tucker allowed St. Amant Michau to 
build a shot tower on his property overlooking the 
Mississippi River in St. Louis, Missouri, which provided 
shot during the Civil War [47] 
 
1856 Dubuque Shot Tower was erected in Dubuque, Iowa 
to provide shot for the military, and was later 
repurposed as a watchtower for the nearby 
lumberyard, and is now part of ongoing renovations on 
the riverfront by the city of Dubuque [30] [48] 
 
1882 Clifton Hill Shot Tower was built in Melbourne, 
Australia [30] [49] 
 
1888 Coops Shot Tower was built near the center of 
Melbourne, Australia and now sits under the 
Melbourne Central Cone as an anchor to Melbourne's 
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1916 Tynemouth Shot Tower was built in Tynemouth, UK to 
produce shot and doubled as a lookout post for range 
finding of artillery in Tynemouth Battery to resist 
German forces [33] [51] 
 
Circa 1916 Colonial Ammunition Company constructed a shot 
tower in New Zealand for shotgun cartridges and later 
supplied shot for World War I [30] [52] 
 
1944 Popular Science magazine reported on the 
Winchester Repeating Arms Co.'s shot tower in New 
Haven, Connecticut [53] 
 
1956 The First Drop Tower, built specifically for reduced 
gravity research, was developed at NASA Glenn 
Research Center at Lewis Field [54] 
 
1959 NASA GRC's 2.2-Second Drop Tower was 
constructed to support the US side of the Space Race 
to understand how technologies would perform on-
orbit.  Located on the edge of a ravine in Brookpark, 
Ohio, the NASA GRC 2.2s Drop Tower is still in 
operation at the time of this publication, and has been 
a model for many of the drop tower research facilities 
around the world ever since [55] [56] 
 
1966 NASA GRC's Zero Gravity Facility opened with a 5-
second drop tube, capable of doubling the free-fall 
length via catapult, and remains one of the longest 
such facilities in the world to the present day, at time 
of this publication [57] 
 
1969 In Bristol, England, Seldon Bush and Patent Shot 
Company built a replacement shot tower to William 
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1990 The Center of Applied Space technology and 
Microgravity (ZARM) opened the Bremen Drop Tower 
for the University of Bremen in Germany, within which 
scientific payloads can experience nearly 5 or 10 
seconds of microgravity, similar in concept to the 
NASA GRC Zero Gravity Facility, and is still in 
operation [58] [59] [60] 
 
Circa 1990 NASA Marshall Space Flight Center added drop tower 
and drop tube capabilities to the historic Test Stand 
4550, which was originally developed to perform 
vibration testing for the Apollo program and the Saturn 
V rocket, which was later outfitted to do the same for 
the Shuttle program, allowing nearly 4.5 seconds of 
drop, primarily used for material testing [61] [62] [63] 
[64] 
 
Circa 1990 Japanese Microgravity Center (JAMIC) utilized an 
abandoned vertical mine shaft near Hokkaido, Japan 
to achieve approximately 10 seconds of drop using 
gas thrusters and a double-chambered payload 
frame/drag shield design to overcome air resistance 
and properly accelerate payloads down the vertical 
shaft [65] [66] [67] [68] [69] [70]  
 
Circa 1993 Washington State University constructed two drop 
tower research facilities, 0.6-second and 2.1-second 
facilities, to perform experimental research in Pullman, 
Washington [71] [72] [73] [74] 
 
1995 Micro-Gravity Laboratory of Japan (MGLAB) located 
near Toki, Japan opened to provide 4.5 seconds of 
freefall [70] [75] 
 
Circa 2004 National Microgravity Laboratory (NML) is founded in 
Beijing, China as the Key Laboratory of Microgravity of 
the Chinese Academy of Sciences to aid China in 
developing technologies for their manned space 
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Circa 2004 Colorado State University, in Fort Collins Colorado, 
built a 1.1-second drop tower research facility, 
modeled after the NASA GRC 2.2s Tower, in 
conjunction with Rowan University through a National 
Science Foundation grant [77] 
 
Circa 2004 Rowan University built a 1.1-second drop tower 
research facility, in Glassboro, New Jersey, modeled 
after the NASA GRC 2.2s Tower, in conjunction with 
Colorado State University through a National Science 
Foundation grant [78] 
 
Circa 2005 Akabira drop tower was built near the Akabira district 
in Japan, with the support of both academic and 
commercial institutions for Hokkaido University, 
capable of 3 seconds of free fall, which remains in 
operation at the time of this publication [79] 
 
Circa 2005 - 2010 Queensland University of Australia built a 2-second 
drop tower research facility near Brisbane, Australia, 
which remains in operation at the time of this 
publication [80] 
 
Circa 2007 The University of Texas Drop Tower Facility was 
constructed near Austin, Texas to provide 1.1 seconds 
of near microgravity conditions for experimentation, 
which remains in operation at the time of this 
publication [81] 
 
Circa 2008 In West Lafayette, Indiana, Purdue University 
constructed a 4-story tall drop tower integrated into 
their new engineering building to study two-phase flow 
and other fluid dynamics phenomena, after previously 
constructing a 1.1-second drop tower some years 
previous [82] 
 
2010 Portland State University opened its Dryden Drop 
Tower in Portland, Oregon, providing 2.13 seconds of 
microgravity conditions for experimental research, 
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2014 West Virginia University opened its Small Microgravity 
Research Facility (SMiRF) drop tower, designed by 
Kyle Phillips, providing over 1 second of near 
microgravity conditions for cost-effective, frequently 
repeatable experimentation in and around the region 
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12.0 Appendix B 
WVU SMiRF Concept Analysis 
 
 
Appendix B: WVU SMiRF Concept Analysis presents images of the 
concept analysis spreadsheet developed to compute initial calculations, 
based on theoretical equations and user input.  The intent is to show the 
reader a visual layout of the spreadsheet and to indicate the order of 
calculations through which the researcher progressed in order to provide 
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13.0 Appendix C 
Payload Frame Information 
 
Appendix G: Payload Frame Information presents the technical fabrication 
drawings of the primary payload frame, which is to remain unmodified, 
except for maintenance and repairs, for the life of the WVU SMiRF, 
provided by NASA Glenn Research Center (Cleveland, Ohio), to which all 
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14.0 Appendix D 
Data Acquisition System Information 
 
 
Appendix H: Data Acquisition System Information presents technical 
specifications and information about the two different data acquisition 
systems used at WVU SMiRF.  The initial portion of this appendix 
presents information from National Instruments, to which all copyrights are 
reserved, about the primary data acquisition system to be employed by 
future researchers, if they so choose, for information at the WVU SMiRF.  
That system is to remain with the facility at WVU SMiRF for the benefit of 
researchers using that facility, and shall not be used for any other 
research.  The second system presented is one from Vernier that was 
used for initial checkouts of the facility, in order to protect the primary 
National Instruments system in case of unforeseen off-nominal conditions 
leading to destruction of sensitive electronics.  The Vernier system was 
also used to train initial operators and provide demonstrations to youth 
visitations.  All rights granted by copyright information produced by Vernier 
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Appendix C: Structure Information presents the final bill of materials that 
formed the WVU SMiRF drop tower structure.  The BilJax scaffolding was 
purchased through Grainger.  This appendix also presents costing from 
Grainger and erection recommendations from BilJax.  Information 
provided herein is provided for comprehension of the project 
documentation and reflects past costing from Grainger and copyrighted 
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16.0 Appendix F 
Release System Information 
 
 
Appendix D: Release System Information presents cost and technical 
information provided by the manufacturer of the release system 
electromagnet, MagneTool, in addition to safety and operations 
instructions.  Information provided herein is provided for comprehension of 
the project documentation and reflects past costing and copyrighted 
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17.0 Appendix G 
Deceleration System Analysis & Information 
 
 
Appendix E: Deceleration System Analysis & Information provides the 
reader with the material test results and the computer code used to 
perform the deceleration system design analysis, as well as the costing 
and material sourcing for the deceleration system memory foam.  The 
information provided herein is provided for comprehension of the project 
documentation and reflects past costing and copyrighted material 
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18.0 Appendix H 
Lifting System Information 
 
 
Appendix F: Lifting System Information presents technical information 
about the components used for the lifting system of the WVU SMiRF.  This 
appendix also presents the design of the support system used to mount 
the lifting system and integrate the system with the drop tower structure.  
The information provided herein is provided for comprehension of the 
project documentation and reflects past costing and copyrighted material 
belonging to Columbia Winch and Hoist and Allied Power Products, Inc. to 
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19.0 Appendix I 
WVU SMiRF Operations 
 
 
Appendix I: WVU SMiRF Operations presents operational flowcharts for: 
• Initial checkout experiment focusing on Die Swell 
• Data logging procedure for the Vernier LabQuest2 initial checkout 
data acquisition system 
• Drop Test procedure to be used by all future operators to safely 
and successfully operate the WVU SMiRF 
• Accelerometer Data Analysis procedure that should be employed 
by all future researchers to use Excel to analyze test data and 
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20.0 Appendix J 
Ongoing Operational Accelerometer Analysis 
 
 
Appendix M: Ongoing Operational Accelerometer Analysis presents the 
initial compilation of comprehensive accelerometer data produced from 
drops performed within the WVU SMiRF.  The intent was to provide a 
common piece of software, widely accessible to researchers that intend to 
use the WVU SMiRF, to aid them in accelerometer data analysis.  The 
other primary intention is to use the accelerometer data from the drop 
performed within the WVU SMiRF to create comprehensive compilation of 
data used for ongoing characterization of the facility as it changes over 
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Drop Drop Time [s] Variance
Drop 1 (20Oct2013) 1.24 0.00
Drop 2 (20Oct2013) 1.28 0.00
Drop 3 (20Oct2013) 1.30 0.00
Drop 4 (26Oct2013) 1.25 0.00
Drop 5 (26Oct2013) 1.18 0.01
Drop 6 (26Oct2013) 1.28 0.00
Drop 7 (26Oct2013) 1.21 0.00
Drop 8 (26Oct2013) 1.26 0.00
Drop 9 (26Oct2013) 1.22 0.00
Drop 10 (27Oct2013) 1.29 0.00
Drop 11 (27Oct2013) 1.20 0.00
Drop 12 (27Oct2013) 1.20 0.00
Drop 13 (27Oct2013) 1.23 0.00
Drop 14 (03Nov2013) 1.27 0.00
Drop 15 (03Nov2013) 1.31 0.00
Drop 16 (03Nov2013) 1.30 0.00
Drop 17 (03Nov2013) 1.30 0.00
Drop 18 (19Jan2014) 1.25 0.00
Drop 19 (19Jan2014) 1.35 0.01
Drop 20 (20Jan2014) 1.29 0.00
Drop 21 (20Jan2014) 1.26 0.00
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Variance 0.01 Lower Out 0.00 Bin MIN -1.00
Std. Dev. 0.09 MIN -0.93 Bin MAX 2.00
-3 SD -0.20 1st Q 0.04 Bin Range 3
-2 SD -0.11 Median 0.07 No. of Bins 10
-1 SD -0.02 3rd Q 0.09 Bin Size 0.3
Mean 0.06 MAX 1.16 Bin No. Bins Frequency Probability
+1 SD 0.15 Upper Out 0.15 1 -1.00 0 0%
+2 SD 0.24 IQR 0.05 2 -0.70 1.00 0%
+3 SD 0.33 Range 2.09 3 -0.40 1.00 0%
1SD Range 0.17 4 -0.10 92.00 3%
2SD Range 0.35 5 0.20 2772.00 95%
3SD Range 0.52 6 0.50 51.00 2%
7 0.80 8.00 0%
8 1.10 2.00 0%
9 1.40 2.00 0%
10 1.70 0.00 0%
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21.0 Appendix K 
WVU SMiRF Initial Calibration 
 
 
Appendix J: WVU SMiRF Initial Calibration presents the data compiled 
from the initial calibration drops at increasing weights used to 
characterized the facility and the compiled data from the initial experiment 
used to enhance that data and provide reliability data leading to averages 
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22.0 Appendix L 
Non-Newtonian Navier-Stokes Derivation 
 
 
Appendix K: Non-Newtonian Navier-Stokes Fluids Derivation presents the 
long form of the derivation of equation 6.1-1.  The intent of this derivation 
and the resultant equation is to attempt to incorporate non-Newtonian fluid 
behavior into the Navier-Stokes equations, which is currently the leading 
mathematical model by which a large portion of fluid behavior is 
described.  The researcher’s current philosophy is that the vast majority of 
fluid behavior is non-Newtonian, and that Newtonian behavior is a unique 
subset that can afford simplification to such behavior.  The scientific 
community must strive to create ever-more comprehensive mathematical 
models that describe the universe around us.  This is simply an attempt 
toward that endeavor and serves as the beginning to a long discussion to 
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23.0 Appendix M 
Die Swell Experiment System Information 
 
 
Appendix L: Die Swell Experiment System Information presents further 
detail about the components used in the development and implementation 
of the die swell experiment apparatus and operations.  All proprietary data 
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Appendix N: Budget Model presents the financial model employed during 
the development of the WVU SMiRF.  This appendix presents both an 
estimated budget and the actual costs, as broken down by system.  For 
system details, the reader is referred to the appropriate appendices that 
present such data.  The reader is also encouraged to employ as many 
discounts and negotiation leverage during cost negotiations with vendors.  
Many of those techniques were employed during the development of the 
WVU SMiRF to drive costs down.  The primary intent of this appendix is to 
prove that relatively large drop tower research facilities can be developed 
affordably and do not have to be cost-prohibitive.  The intent here is to 
inspire other to take on the challenge of drop tower development in order 
to increase access to reduced gravity research to spur more technology 
development by way of more fundamental scientific understanding and the 
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25.0 Appendix O 
Drop Tower Comparison - 2014 
 
 
Appendix O: Drop Tower Comparison – 2014 presents a pair of tables 
summarizing the modern research drop towers presented in Appendix A, 
as of the year 2014.  In an attempt for both comprehension and 
comparison, government-sponsored drop towers and those residing at 
other institutions outside of the United States of America are compiled in 
one table, while drop tower facilities residing at academic institutions 
residing within the United States of America are compiled in a separate 
table, as the focus of this thesis was on the development of a drop tower 
that resides at a US academic institution.  From Appendix A, one may 
notice that drop towers that had humble beginnings have now spread 
across the world, increasing our scientific understanding and aiding in the 
development of advanced technologies that have a wide array of 
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26.0 Appendix P 
Potential Website Layout 
 
 
Appendix P: Potential Website Layout presents one potential option for the 
layout of a WVU SMiRF website.  The website should be both informative, 
but interactive with future expandability into restricted access to data 
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